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Abstract:

The electrochemical reduction of an N,N'-dimethylformamide, DMF, solution of iron (III)
acetylacetonate, Fe(acac)3 , in the presence of 1-octyl bromide has been investigated. The strategy for
the reaction is to selectively reduce the metal 1on to a lower valent state without concomitant
electrochemical reduction of the organic halide. The 1-octyl bromide was converted to octane,
1-octene, and hexadecane.

Electrolysis cells were operated with either a constant applied potential across two aluminum
electrodes or with potentiostatic control of the working electrode potential. The latter cell required the
generation of a stable reference electrode suitable for use in DMF. The cadmium amalgam reference
electrode was such a reference.

The yields of hexadecane ranged from 0 to 33% for identically assembled two-electrode cells operating
with a 1.5 volts applied across two aluminum electrodes. Potentiostatic control of the working
electrode potential was hoped to decrease the wide range in yields of coupled product, however, this
did not occur. Using an aluminum working electrode in identically assembled three-electrode
electrolysis cells operating with the working electrode potential held at -0.9V vs Cd(Hg), the yields of
hexadecane ranged from 35 to 59%.

The current-time behavior for the reduction of Fe(acac)3 in the presence of 1-octyl bromide using
aluminum electrodes was recorded for both the two-electrode and three-electrode electrolysis cells. The
current increased steadily with time for the two-electrode cell run at constant applied potential before
falling to near zero levels. This is unusual for a simple reduction. The three-electrode cell held at a
constant working electrode potential of -0.9V vs Cd(Hg) generated two current transients. The first
current transient was generated as a result of iron plating onto the aluminum working electrode. The
overpotential for reducing iron ions at an iron surface is less than the overpotential for the same
reduction at aluminum, therefore the increase in current. The second current transient is assigned to the
formation of an organoiron which is also electroactive.

The conversion of 1-octyl bromide to hexadecane, octane, and 1-octene is a one-electron heterogeneous
reaction occurring at an iron-plated surface. The 1-octyl bromide is suggested to oxidatively add or
dissociative!y adsorb onto the active iron surface. A one-electron transfer occurs expelling a bromide
ion. This corresponds to the second current transient. Products are formed as a result of free radical
reactions. The reaction is sensitive to the pretreatment of the aluminum electrodes, total cell current,
and the nature of the plated iron surface. An epitaxial effect by the aluminum electrode is suggested to
account for these observations.
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ABSTRACT

The electrochemical reduction of an N (N'-dimethyl formamide, DMF,
- solution- of iron (III) acetylacetonate, Fe(acac)., in the presence of
l-octyl bromide has been investigated. The straéegy for the reaction
is to selectively reduce the metal ion to a lower valent state without
' concomitant electrochemical reduction of the organic halide. The
»l-octyl bromide was converted to octane, l-octene, and hexadecane.

Electrolysis cells were operated with either a constant applied
potential across two aluminum electrodes or with potentiostatic con-
trol of the working electrode potential. The latter cell required
the generation of a stable .reference electrode suitable for use in
DMF. The cadmium amalgam reference electrode was such a réeference.
The yields of hexadecane ranged from O to 33% for identically
assembled two-electrode cells operating with a 1.5 volts applied
across two aluminum electrodes. Potentiostatic control of the working
electrode potential was hoped to decrease the wide range in yields of
coupled product, however, this did not occur. Using an aluminum work-
ing electrode in identically assembled three-electrode ‘electrolysis
cells operating with the working electrode potential held -at -0.9V' vs
Cd(Hg), the yields of hexadecane ranged from 35 to 59%.

The current-time behavior for the reduction of Fe(acac)., in the
presence of l-octyl bromide using aluminum electrodes was recdrded for
both the two-electrode and three-electrode electrolysis cells. The
current increased steadily with time for the two-electrode cell run at
constant applied potential before falling to near zero levels. This
is unusual for a simple reduction. The three-electrode cell held at
a constant working‘electrode potential of ~0.9V vs Cd(Hg) generated
two current transients. The first current transient was generated as-
a result of iron plating onto the aluminum working electrode. .The
overpotential for reducing iron ions at an iron surface is less than
the overpotential for the same reduction at aluminum, therefore the -
increase in current. The second current transient is assigned to the
formation of an organoiron whlch is also electroactive.

Thé conversion of l1-octyl bromide to hexadecane, octane, and
l-octene is a one-electron heterogeneous reaction occurring at an
iron-plated surface. The l-~octyl bromide is suggested to oxidatively
add or dissociatively adsorb onto the' active iron surface. A one-
electron transfer occurs expelling a bromide ion. This corresponds to
the second current transient. Products are formed as a result of free
radical reactions. The reaction is sensitive to the pretreatment of

o W -
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the aluminum electrodes, total cell current, and the nature of the
plated iron surface. -. An. epitaxial effect by the aluminum electrode
is suggested to account for these observations.




INTRODUCTION

Trénsition metals and main group metals have become common
reagents in-éfganic synthesis. Stoichiometric or catalytic quantities
oﬁ-the ﬁetal are used ihdependentl? or in concert with othér'metals
fof both homogeneous and heterogeneous transformations of the organic
.substrates to products. Early attention was given tq the main group
' mé£als bﬁt a growing body of literature hag beguﬁ to explore the
ofgano—coordination chemistry of the transition metals. The wealth of
iﬂformatién that is now being accumulated on organotransition metal
complexes is a cénseqﬁence of the interésting chemistfy of these metals
due to the availability of the a-orbifals of the metal and the reaii—
zation that organotransition meta; complexes are not inherently
thermally unstable. The carbon-metal 0-bond in thesevcomplexeé is
érobabl& no weaker than bonds‘between,carbon and other non—transition
Imetal elements (1-4). The previously implied thermal instability
simply_reflécts the plethora of decomposition pathways available for
these organotransition'metal complexes (2-6). The existence of fhese
routes éf agcomposition is of eminent importaﬁce in the use of tﬂe
_organofransition metal complexes for oréanic synthesis. . Thé following
sections are offered to'acquaint the reader with some generai aspects
" of éroup VIIT transition metal chemiétry,.spécifié homogeneous
-orgaﬁic_chgmistfy of iron, and electrochemicai processeéwofﬁorgénicl

halides and organotransition metal complexes. These areas of the
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._1iterature have culminated in this examination of iron-and alkyl

halide reactions in an electrochemical cell.

General Group VIII»Transition Metal Chemistry

- The group VIII transition metals,.of‘whiCh iron is a member, par-
'ticipate.in a wide variety of homogeneous reactions (7,8). Even a
curgqry examination of the group VIII transition mefal chemistry re-
'quires.several considerations tohbe put forth at'fﬁe onset. First,lthe
oxidatiqn.number of the centrél metal in the complex is defined as the
chargé'left on the metal after all the ligandéyare removed in £heir
closed-shell cénfiguration (7,8). 'Thus; an alkfl rédicai.is é one’
électron donor, but in:computing the oxiddtion number of the metal,
this.group is cénsidéred a carbanion. A coordinated olefin is a two
eleéfron donéf,and, in cdmputing the metal's oxidation number, it is
rgmoved‘as a two-electron ligand, therefore no chanée iﬁ the o#idation
nunber of the metal occurs. Table T gives a'brief classificétion of .
the number éf electrons some coﬁmonly coordinated -ligands donate to
- the metali Second, the d-electron configuration about the central
metal of the complex is assigned as a low-spiﬁ metal center with the
d-orbitals split by the appropriate ligand field. The electrons fill
the lowest energy d-orbitals with pairing, if neéessary; before fill-
ing higher energy levels: Nonbonding and inghtly ﬂ—bonding orbitals

are filled béfdre the antibohding orbitals. “Finally, the 18-electron
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Table .I. Classification of Ligands on the Basis of Donated Electrons

(8)

Number of Electrons Donated

Compound or Ligand :

1

R‘, aryl, He, X°, CNe

co, PL3, ethylene, NH3

.L = aryl, alkyl, etc.

T-allyle, NO (nitrosyl)

-diene, triene, etc., but only two

- double bonds aré coordinated
cyclopentadienyl

benzene, cycloheptatriené
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rule, which is an empirical statement of the téndency of the transi-
tion metal center to acquire the next inert gas configuration, is
usually obeyed by the group VIII metals although iG-election squére
pléhar'complexes for these metals are not unusualg Tolman'(9) has
noted a relationship betweeh the 16- and lB—eleétron éonfiguration
éb§u£ the central metal and the tendency for these complexes to par-
ticipate‘in homogeneous catalytic cycles.

The normal rahge of the 4" electfon configﬁrations fof the group

6 to le with a d8'configuration being

VIII transition metals.is. from d
"particularly widespread. Collman (8) has partitioned the even a® con-

figurations and coordination numbers of various possible complexes

into saturated and unsaturated systems.

d Saturated Unsaturated

d? "6 ligands 5 ligands

d8 5 ligands 4 ligands
.10 . ' .

d 4 ligands 3 or 2 ligands

The uﬁility of this classification lies in‘the experimental observa-
tipn that coordinatively unsaturated systems are chemicaily active.
Therefore, reasonable induction times are normally required to acti-
vate the saturated complexes (9).

Halpern (7) has further elaborated on this attempt of classifi-

. cation. He has examined the reactivity patterns of these transition
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metals and compared the metal complexes to.analogoqs intermediates in
‘organic chemistry. "Table II compares such a classification of the
transition metals withiérganic-inte?mediates. Appropriate examples
are provided to accentuate the similarities. |

The utility of this classification is best demonstréted with an
example. Thé types of’reactions associated with a particular elec-
tronic configuratioh and coordination geometry about the métal center
t can be related using the ligénd‘field split d—orbita;s‘of the pre- .
ferred'geomgtries of group VIII metals as shown in Figure 1. Consider
the nature of the reaction in which an electron is added to an octa-
hedral d6 complex."The electron goes into an anfibonding orbital of
the octahedral éémplex. This is destabilizing. The detrimentalleffect
can bg relaxed if the system transforms into another geometry such as
trigoﬁal bipyramidal by loosing a coordinated ligand! This process,
as pointed out by Halpern (7), is analogous to that which occurs when
an electron is added to' a saturated carbon compoundg

+g_ .= . - ‘
CH3X [CH3X] > CI-I3 + X . (1)

very stable unstable stable
co(emy s ' (Colcn)3 1+ Colew))™ + oN (2)

a® , a’ a’

Extending this analogy to the systems in Table II while using the
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Figure 1. d-Energy Level Splitting for Preferred Geometries of
Group VIII Transition Metals.




Table II. Comparison of Coordination Chemistry and Organic Chemistry Intermediates (7)

Coordination Nonbonding Characteristic Coordination Nonbonding
Species Number Electrons Reactions Number Electrons Examples Reactions
Saturated Molecule 4 0 Substitution 6 6 Rhc12' Rhc12' + H, be Rhc15H3‘ + HC1
(R3C - X)
2 : A - 3~ 3= =+ 6-
Free radical (R3C') 3 1 Dimerization 5 7 Co(CN)5 2Co(CN)5 - Co2(CN)10
Abstraction Colcr)] + CH,I + Co(CH) 177 + cH
2
Addition 2Co (CH)S_ + HCZCH ~+
~ 6~
(NC)SCOCH=CHko(CH)5
Carbene R2Cx 2 2 Addition 4 8 IrI(CO)(PPh3)2 IrI(CO)(PPh])2 + c254 p3
IrI(Co) (C
rI( )(L2H4) (PPh3)2
+
I ti Irl -
nsertion r (CO)(PPh})2 . H2
IrH _ I(CO) (PP
r 2 (Co) ( h3)2
z s 2~ 2~ - Jrs
Carbonium ion 3 0 Addition of 5 6 Co(CN) ¢ Co(CN)g + I « Co(CN) I
$ .
(RBC ) nucleophile
AL 1- - -
Carbanion 3 2 Addition of 5 8 Mn (CO) Mn(CO)_ + H' ¥ Mn (CO) (B

(R3C!)

electrophile
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concepts of the unsaturated and saturated classification of Collman

(8), the following generalized system of reactions can be developed:

. ,
a®iem* R a®(6en)  carbonium ion

a’sen) "% a®ecw)  free radical
+L .
8 —23' 6 . . e
-d  (4CN) d (6CN) carbene (oxidative~addition)
+2L '
8 X .8 L ' .
- 4" (4CN) d (5CN)} carbene (X = €O or olefin)
dBﬂSCN) -28 -d6(6CN) carbanion
+L

* (coordination number)

In this scheme, L is any ligand and the number in parenthesis.ié the
coordination number of the central metal. The iméortance of this type
of classification is obvious; the reéctivity patterns of the central
.ﬁetal-depend on both its electronic configuration and the.geometry,
i.e., coordination number, of the complex. From sucﬂ a classification,
the 6xidative—addition reaction which is widespread in the homogeneous
réactions of:the d8 unsaturated square pianar complexes of;thé,group
VIIi'transition metals arises from a concerted insertion of the‘d8
complex into an X-Y bond. In so doing, the electron configuration and

the coordination number abdut the metal center have changed by two.

The existence of this reaction pathway is important in .organotransition
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metal chemistry in that it is often suggested to be a component of a

homogeneous catalytic cycle. The propensity for undergoing the oxi-

dative addition reaction increases upon descending a triad and passing

from right to left (8). ' A word of caution should be injected at this
5uﬁcture. The reaction schéme éeems to suggest an inherent reactivity
of saturated.penta coordinated d8 complexes. The tfend for d‘éa com-
plexes to:becbme qoordinatively satufated (penta coordinated) increases
on ascending the triad ahd'going from right to left (8).. fhus, the
stab#l;ty to CO dissociation for M(CO)5 complexeé is Fe > Ru.> Os.
Pa££ of this stabiliza£ioﬁ is the availability of four m-backbonding
"orbitals in the trigonal bipyramid versus only three such.orbitals in
the square planar geometry (8,10). |

The many pathways of decomposition that are available to’ the
organotrapsition'metal complexes have been reviewed elsewhere (5,6,11).
Two decoﬁposition pathways are of interest to this project. Redgctive
elimination reactions are essentially the reverse of oxidative addi-
tion reéctionsﬂ The reaction'involves a loss of two O-bonded ligands
toéether as a molecule. The cqordination number and the oxidation
state of the central metal‘décrease by two. B-hydride elimination
6céurs for alkyl transition metal complexes in which the alkyi grbup
has hydrogens beta to the metal. This reaction requireéla coordina-
tely unsaturated site on the central metal. The.beta hydrogen migrates

to this site of coordinative unsaturation resulting in the formation
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of an olefin-metal hydride complex. The olefin can then dissociate
from-the metal-hydride. The general sequence of events is depicted in
the following equation:
‘ H
CH

> 2 -
M-CH,CH,R < M-| © < H-M + H,C=CHR
CHR

Tron Chemistry

The general chemistry, of-the group VIII fransition‘metals is
typified by the reactions of iron in various oxidation states. Five
oxidation states are available to the iron and have been reported in
the literature in various synthetic_processes; These oxidation states
are the -II which is not common but is found in the disodium tetra-
carbonyferrate salt, the zero, and the +I, +II, and +III states.

The disodium tetracarbonylferrate salt, Na Fe(CO)4, has been

2
suggested to be the transition metal analog of a Grignard reagent (12).
The work of Collman et al. (13-15) has established the versatility of
this reagent in synthetic organic chemistry. Two excellent reviews
discuss thé wide utility of this reagent from which Figure 2 has been
abstracted (12,16). The reagent is useful in preparing éldehydés,
unsymmetrical ketones, carboxylic acids, esters, and amides. The very
high electron density on the iron (dlo configuration) makes the iron a

particularly potent nucleophile (17). The reaction could proceed by

either an SNZ attack on the alkyl halide with inversion of
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configuration,‘or by oxidative addition to a dlo iron (—Ii)(l3) de-
fined to reflect the addition of a covalent molecule to the coordina-
_tion sphere with reduction in the oxidation number of the metal (8).
Bothxpathways would reduce £he electron density about the iron center.
Step (%) of the reaction sequence was observed to procdeed with primary
bromideé, iodides, and tosylates as alkylating agents. The second
alkylation, éfep (b), reqﬁired moré reactive reégents such as primary
iodidés or tosylates or benzylic halides. Thé ovefall order of reac-
tivity for various reagents in the first step is ROTs v RI > RBr > RCl
and lo > 2o > 30; in fact, the tertiary halide failed to react. This
order of reactivity and the-noted inversion about ‘the carbon‘center was
used to argue for a classical SNZ,alkylating step corresponding to the
formation of the alkylated iron species. Subsequent formation of the
acyl group proceeds with retention of configuration by mig?atory inser-
tion of the carbonyl ligand into the alkyl metal bond (12).

The advantages which this complex has over the classical Grignard
reaction are generally high yields of products, stereospecificity, and_
the toleration of several functional groups within the substratg such
as -CHO, —C02R, ~C=N, and -Cl. There are some limitations to its
usefulness. The high electron density on'the iron makes it a particu-
larly effective base in promoting elimination reéctions. Allylic
halides are also not usable because of their propensity to form -

complexes with the tricarbonyl iron. Like the Grignard reagents, the
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iron complex must be used in excess to be effective in maximum con-
version of organic substrate to product. Finally, the carbonyl inser-
..tion step is so facile in this complex that dialkylated iron species
do not form which, on decomposition, could lead to coupled product
without a carbonyl carbon inserted.

Iron zero, Fe(0), is a d8 metal. Reactions of iron in atomic
or agéregate form have been observed in homogeneous and heterogeneous
systems respectively. Sgspensions of iron powder in water have been
.notéd to couple benzyl chloride (19) and o,d”-dichlorotoluene (20).
Radicals are formed durihg this reaction. ‘In the benzyl chloride case,
these radicals were intercepted by anthracene which led to the gener;
ation_of mixed organic prgducts RR”. The'proposed reaction for coupling
‘was

H.,O

PhCH,C1 % PhCH =)

(+)

+
5 Cl

(+)

2PhCH2 + Fe® > 2PhCH2° + Fe(II)

® > P
2PhCH2 : PhCHZCH2 h
The oxidation state of iron changes to +II during the reaction which

‘corresponds to a d8 -+ d6 transition. Although the yields of bibenzyl

" were not reported,‘the formation of benzal chloride from
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0,0 -dichlorotoluene was 9.6%. The coupling wﬁich does‘occur does not
lead to a substantial generation of products.

The vapor phase reaction of iron -atoms with organic subétrates
.has also been examiﬁed. “The method involves the vaporization of iron
‘poQAer in a vacuum chamber and cocondensation of the gas-phése ifon
with oigénic substrate. The usual organic substrate was an unsatu-
rated hydrocarbon. In one system, acetylene was observed to.édsorb
very rapidly onto the iron (21). Dienes were also found to form com-
. plexe; wifh iron zero and, in the case of 1,3-cyclohexadiene, pro-
ceeded on to generate products (22): cyclohexene (33.4%), benzene
(36.4%5, and 1, 4-cyclohexadiene (30.2%). This complex formation is_
reasonable.' Olefins afe-particularly good coordinatérs tp iron zero
sinee T-backbonding through the olefin T* orbital is a reasonable
rbﬁpe in %educing the electron density about the igon zZero.

Iron carbényls are perhaps the best known iron'(O)‘compounds.

Several iron carbonyl complexes form: Fe(CO)S, Fe2(Cd) and

97
F§3(CO)12. The latter two representlcluster type compounds with
bridging carbonyl ligands. The pentacoordinated iron (0O) exists as é
trigonal bipyramid and, as stated earlier, represents the most stable
conformation of this d8 metal complex. Any reaction that this species
can undergo'requires the initial removél of a CO ligand using e;ther

photochemical or thermal stimulation in order to obtain a coordina-

tively unsaturated 1l6-electron system (9). After such activation, the
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tetracarbonyl iron (0) can react in one of two ways. The intermediate

can coordinate an olefin which, like CO, is capable of T-backbonding.

This type of substitution reaction would be classified a carbene-like |

reaction (7). Alternati&ely, the metal complex can‘updergo oxidative
uaddition which is another carbene-like-reaction in which the metal
complex insefts into én activated C-X bond. Several examples of these
reactions are presented.

lAlber et al. (23) has reported that the iron pentacarbonyl cém—
plex Qill react with 1°, 2°, and 3° aryl and alkyl a-haloketones in
boiling l,2-dimethoxyethané to give the coupled 1,4-diketone, reduced
' monoketone, and occasionally B-epoxyketones. They also noted that the
iron pentacarbonyl.will not react with the simple‘unactivatéd mono-
halides although the complex does react with activated geminal di-
halides and vicinal dihalides. The reaction was not éaﬁalytic nor was
it affected by free radical scavengefs;

The reaction of a tetracarbonyl iron (0) complex with an olefin
leads to the formation of c&clopentanonés via a carbonyl iﬁsertidn
step. Weissberger et al. (24,25) photolyzed a sample of the pentacar-

"bonyl iron (0) to generate the Fe(CO)4 which subsequently coordinated
an olefin. A reversible loss of anothér CO ligand from ﬁhe‘monooiefin
tetracarboﬁyl iron (0) complex allowea for further coordingtion of a

second olefin. A five-membered metallocycle was formed from the

coordinated oléfins and metal center. A coordinated carbonyl group

e e
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inserts inté one:of the metal-carbon bonds thus forming a complex with
a éarbonJmetal O-bond and an écyl carbon—metal bond. ' Extrusion of the
metal results in the:fgrmétion_of_a.cyclopentanone g?oup'linking the
two olefips‘

o " Fe(CO).
- C”.* @ -

(o]

.The formation of the products was stéreospecific——exo-trans—exo was
formed exclusively Qhen substituted norbornene systems were used.
,$his stereoselectivity has been suggested to be a cohsequence of the
'olefin.ﬁ* acceptor orbital (26).

Mono coordinated olefins of the tetracarbonyl iron (0) complex
- can be treated with acid,_HCl or Hﬁr, to generate an iron (II)—aikyl
intermediate. The intermediate then decomposes to alkane and an
Fe(II) cﬁmplex (27).

The ease of carbonyl insertion into a coordinated carbon~metal
bond provides a route to possible ring expansion fo;lapprdpriate sys4
tems. Weissberger (28) has observed the stereospecific expansion of
pinene induced 5y iron pentacarbonyl to give the'indicated'products

Fe(CO)5 ‘ Q4

A | t
O.

The reaction is felt to proceed via a 0-T-allyl metal complex and an

acyl-m-allyl intermediate. Other ligands are capable of quenching the
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reactive intermediate formed during the loss of a coordinatéd ligand.

One such ligand is Ph_P which is reported to be as effective in scaveng-

3
inélthe irén (0) complex as is the olefin (29,30).

'_ﬂ—all§1 metél deriyatives of séverai metals -have been recently

feviewed»ﬁ3l). The m-allyl group is a three electron donor in .m-

" complexes (8). It can coordinate with a metal as a O~carbon species
;4>‘M or as an éllyl group <}M. These possible bonding combinationé
are designated ﬂ;- and n3—aliyl respectively. This allows for some
very interesting chemistry. The reactive transition'metal‘salts are

.copfdinaéively unsaturated. In the above case, it may be possible‘ﬁo
use the ﬁa—allyl system to protect a site of unsaturation whiéh is
then exposgd to an appropriate substrate during the transformation of
'tﬂe ns—allyl group to an nl—allyl.system. Thus, dependiné upon}the
nature bf the added ligand, the equilibrium between thé O—bondea and
'ﬂ;bondea allylic iron can shift. Cardaci et al. (32) observed that
donor ligands caused the system to shift to O-bonded carbon-metal
bonds while acceptor ligands favored the mT-allyl configuration.

The particular degree of complexation for polyolefins depends
on the availability of:goodxcoordinating ligands which, as in the
m-allyl case, can shift the nature of the bonding. A series of pos-
siblé nz-(monoblefin) to nu—(diolefin)—l;4—diene complexes of iron (0)
have been'used to. examine the consequencés of the Woodward-Hoffman for-

malism as it applies to transition metal chemistry (33). Hughes et al.
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(34) have demonstrated‘that the thermally disallowed 1,3~hydrogen
suprafacial shifts which Mango- postulates to océur in the presencé of
t;ansitioﬁ ﬁetals.does not occur with the ifon complex. They also
- observed direc£ met;l insertion into a C-H bond and difECt'hydride
transfer.
' The above presentation has elaborated on éystems,of iron (0)

in whicH a T acid has been coordinated to-the =zero valent iron. These
T acids have been typed.as such because of their ability to form T-
back:bonds. ‘Can a stable O—alkyl—ifon zero compound form? A recent
report.has esféblished the crystal and molecular structure of an
'ixton zero-carbanionic salt (35). The salt, [‘({C6H5}3P)2N]‘,[-Fe (co) 4C3H7]‘
cohtained a carbanionic propyl group attached to iron. This complex
is. very interesting iﬁlthat the propyl group is fo;mally a two electron
donor without any ability to T-back bond. Since this complexing in-
é;easés the electron density on the metal center, the existence of such
a COmﬁlex would.not have been predicted on the basis of the pedeétrian '
arguméqts posed here. The coordination about the anionic iron center
was reportéd to be ;rigonal bipyramidal.

Tﬁe cyclopentadienyl ligand stabilizes the low valént’.iron zZero
in the sodium salt, Na[ns—CSHSFe(CO)Z]. Again, the iron is the central
metal of an anionic frégment, This complex is particularly suited to

nucleophilic attack on the alkyl halides due to the electron density

on ﬁhe metal. Nucleophilic attack would generate a O-bonded alkyl metal
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derivative of iron. (II).  The attack by this nucleophilic complex is

classified as a carbanion attack on an electropositive carbon (36).

Na[n5—05 JFe(co) 1 + X > ns—CSHSFeR(CO)z
8 -2e 6
d ‘ 'TL—P- d

This s&nthetic route has been used to prepare several O-bonded alkyl-
iron (II) complexes (;7) including an optically que éhiral iron com—~
pléx (38), o |

A,Qer& intefesfing reaction which is catalytié with respect to
‘thefredqced form-of iron in the system is the Kharasch reaction (39,40)
in which an organic Grignard reagent is mixed with a catalytic amount
of_férric chloride in the éresence of an organic halide;

feCl'

RMgX + R'X — S [RH,R(-H),R'H,R'(-H),RR,R'-R',RR']

" The products of this reaction are monomeric alkanes and olefins (RH,
R(—H),‘etc.) as well as coupled products (RR, etc.). The mechanism
of this reaction has been. extensively studied by Kochi et al. (41-~46)

and is suggested to be

RX.+ Fe > R* + FeX ' (oxidation)
R + Fe = RFe (oxidation)

R'MgX + FeX - R'Fe + MgX (metathesis)

2

R'Fe,RFe - products (reduction)




" The reduced form of iron in this system has been shown to be the d
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iron (I) species generated by a metathesis reaction between the Grignard

reagent and the iron (III or II) of the added salt (44). The reduction

of thé iron involves an alkyl iron (III) species which proceeds through
several steps before forming iron (I). An example of this reduction

is given for an ethyl Grignard and FeCl3.

> I. '
Fe(;II)Cl3 + CH3CH2MgBr CH3CH3Fe(III)Cl2 + MgClBr

_ CH, H CH,
CH.CH_Fe (III)Cl. - ”———Fe(III)Cl > "" + Fe (III)HCL..
i 2 2 . T2
CH, CH, .

CH3CH2Fe(II;[}Cl2 .+-Fe‘(III)HCl2 > CH3CH3 + 2Fe(II)C12

- Fe(II)Cl, + CHCHMgBr —= Fe(I), etc.

3

The absence of butane.in the reduction of the iron (III) eliminates

‘any free radical component since six times more butane than ethane

should have formed (44). The iron complex Kochi used in this analysié
to generate the iron (I) center was iron (III) acetyl&cetonate,
Fe(acac)31

The‘coupling reaction which leads to the dimeric product is

" gensitive to the number of available beta hydrogens on the organic

substrate. As noted above, the reduction of iron (III) ion by the

Grignard reagent proceeds in several steps, one of which includes
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S—hydride migration. The availability of beta hydrogen on the organic
halidg subétrate would also provide a low energy path of decomposition
for the:organqiron.EOmplexés formed from this materiai tﬁus reducing
or eliminating any coupling reaction. As an example, ethyl bromide,
' ethyl Grignard, and ferric chloride produced a l;l ratio of alkane to
alkene with less than 0.1% n-butane (42). When t~butyl bromide was
.ﬁsed in place of ethyl bromide, iso-butane and iso-butene were formed
with ethane and ethylene. No products from the t-butyl bromide were
thainéd when styrene was present indicating a free radical component
of the overall mechanism.

The generation of alkane and alkene was felt not to occur by a
'free4radical reaction invoiving the homolysis of an iron-alkyl bond
since no coupled product_was obtained. Either a two step hydride

migration or a'direct hydride migration via a bimolecular reaction of

two alkyl-metal complexes was suggested to generate alkane and alkene.

>
2-step RCHZCHZM + RCH'.-=CH2 + HM

-
m + RCHZCHZM RCH2CH3 + 2M

i > =CH,. + , +
direct 2RCH2CH2M RCH: CH2 R.CH2CH3 2M

Coupling was suggested to proceed via a bimolecular reaction of
two alkyl-metal complexes. Substrates without beta hydrogens’ coupled

readily because the facile B-hydride migration decomposition
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route wéé blocked. Added Ph3P also increased the yield‘of coupled
productAfo; those systems without beta hydrogen (41).

’fhe.mechanism of the Kharasch reaction can be compared with
‘ reéegt work.reportgd on gas-phase ion-molecule reéqtions bet&een iron
(Ij‘énd.CD3CHZI (47). Iron was‘osserved to insert inté thé carbon-
halogen bond forming an alkyl metal halide moeity, Furthermore, the
B-hydride éhift was explicitly observed to occur (47) thus.supporting
“the existence of this step in the Karasch reaction. Although this
work was performed in the gas phase and the Kharasch reaction is run
in a solvent (THF), there does appear to be a conflict between the
carbeng-iike‘insertion'péxidative—addition) in the gas phase versus
the frée radical reaction between alkyl halide and iron iI)iin the
solvent; fhe,gas phase work with methyl iodide gave neariy a 50/50
' mikture of organic free radicals and iodine atomé. d5—Ethyl i&dide,
on the ofher hand, generated only 14% ethyl radicals and 86% deuterium
iodide leaving a stable coordinated oiefin—iron complex.. Thus, the
gas phase reaction suggests'that.radical formation is no£ particularly
facile compared to oxidative-addition/B—hydride migration bringing into
:guestion the initial step of tﬁe Kharasch reaction, free radical gener-
ation.

Reactivity patterns of fhe Grignard reagent have established the

pattern Et > n-Pr > i-Pr > neopentyl > CH

3

> > i mi
> ¢CH2 C6H5. Similarly,




23
.the reactivities of the alkyl bromides have demonstrafed the following
'_ order of decreasing reactivity: t-Bu > i-Pr > n-Pr (43).

Vinyi bromides wére also observed to be reactive in the Kharasch
.reaétion (42,45,46). This coupling reaction was obéerved to be stero-
seleétive for products were cig or trans depending on tﬁe conformation
of the vinyl moiety. The féaction is thought to proceed via coordina=~..:.
'tipn'of the olefinic double.bond to iron (I) Qith subsequent activatidn
'of‘the codfainated complex to halogen apstraction.

. R,K . X .‘ R R'

RMgX + . C=C\
" .The stereospecificity of' the reaction is suggested to réfléct a con-
certed process iﬁ which a reduced iron species, Fe(I),.is again the

active agent.

N ]
Fe(I) + R'Br <« PFe(R'Br)

Fe(R'Br) + RMgX = RR' + MgXBr + Fe(I)

This mechanism differs from the alkyl halide case in that no homolysis
of the alkyl halide bond occurs. The mechanism is consistent with the
coordinating abilities of the olefin. The coordination of the oléfin:
ailoﬁs for sterochemical specificity if the metatheéis reaction between
thé Grignard and the olefin-iron complex results in the coordination

of the Grignard's alkyl moeity on the iron center.




| 24
Brj '
R' \ /
\/Fe\_'iﬁ +~ Fe(I) + Br + Ic
_ |
C

C\
/ r _ /7 Ny

Recently Smith and Kochi (46) have suggested that the process in-
volves oxidative addition of the vinyl bromide to the reduced iron

with retention of configuration. They postulated the catalytic cycle

RCH=CHCH3

Fe(I) ——— BrCH=CHCH,,

IIZ-R ‘
B relii— Felil- BT a

s N\

MgBr2 RMgBr

The ‘catalytic effects of small amounts of iron (III), ﬂ&o_s, in

the Kharasch reaction has been observed for nearly sixteen years. It
is interesting to read reports of peculiar effects that different
sources of magnesium have on typical Gfignard reactions (48,49).
"Examination of thé magnesium from different sources found that the

. concentration of various transition metals varied with the source of
magnésium. In particular, fhe effect of traces of iron impurities was
monitored in the range of 4 'to 40,009 ppm (48). Iron -increased. the

yield of coupled product.
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Iron (II) is a d6 metal ion forming either octahedra;ly coordi-
nated or tetrahedraliy coordinated solution complexes dependiné on the
pé;ticﬁlar ligand attachéd to the metal center. Iron (II)-alkyl metal
' comblexés can be formed'from the iron (0) anionic complex

Na[n’-c

5H5Fe(CO)2] and alkyl halides generating the complex

ns—CSHSFe(CO)zR which is thermally stable and insensitive “to air oxi-
dation in'tbé solid state. Solutions of these complexes are air sen-
sitivé'but, at room temperature, the complex is not 1abile.. Whitesides
et al. (50) have obser%ed that the formation of the iron (II) complex
proceeds with greater than 95% inversion of configuration at the

" carbon in the organic moeity. Generally, the reaction of low valent
transition hetals with alkyl-halides can proceed with aiffe;ent
stereochemiégl consequences depending on the method of reaction. If
the mefal acts as a nucleophile and displaces X frdm the organic sub-
étréte, the reaction is SN2-like and.proceeds with inversion of con-
figuration (43). On the other hand, oxidative addition, particularly
of d8 éomplexes, proceeds with retention of configu¥ation (43).
Finally, ligand transfer of X ‘to the metal reductant proceeds with
'récemization (43). The observation of 95% inversion substantiates the
claim that the reaction is sNz-like with the nucleopbile being the

iron (0) complex which has.high electron density about the metal cen-

ter. When'the alkyl group'ié PhCHDCHD .subsequent cleavage of the
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alkyl-iron bond using sz, I2, and HgCl2 proceeds with retention of
configuration of the‘aikyl ligand (51,52). If the alkyl group is
_(CH3)3C—, treatment of the complex with chl2 cleave$ the carbon-iron 
bond with_reténtion of configuration (53,54) but Br2 causes -inversion
'at‘the ca;bon centér (54).

Other reaction patﬁways are thermally accessible fo? thié'cqm—
plex Qith R being the n-butyl moiefy. Studies in hot solvent and in
melts (55) have demonstrated that the thermal decompésition proceeds
.vigls-hydride migration és demonstrateq in Figure 3. Isolated prod~
ucts include the olefin and the metal hydride complex which was so
stéb;e, that it remained unreactive, therefore no saturated alkané wés
produced. Excess Ph3P inhibited thg formation of 61efin by fprcing
the initial equilibrium'to the left, therefore no sités of coordi-
native unsaturation were available for f-<hydride migration. Recently,
Norton (56) has suggested that hydride bridges between two me£a1
cente?s are important in the elimination of alkane from a hydride and
alkyl metal complexes. This suggestion appears to be in conflict with
. the notea generation of greater than 90% olefin from this iron (II)
complex which generates both olefin and hydride. Since the olefin
formation'fequires the generation of a coordinatively unsaturated site
on the metal center, the availability of this vacant site for hydride

bridging seems a reasonable pathway to initialize alkane production.
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The work doné on this bridging hYpothesis involveé osmium (II) which
" is also a d6 metai in thé saﬁe triad as iron.

Alkyl~iron (;I):complexes have also been reported which. are free
of béth the carbonyl and cyclopentadienyl ligands. Yamamoto et al.
(57,58) have isolated diethylbis(dipyridyl)irqn complexes from a
catalfst éystem containiﬁg iron (III) écetylacetonate, digthyl alumi-
num monoethoxide, and dipyridyl. Iron (0), (II), and (ITI) complexes
- of the dipyridyl ligand were prepared by thermal degradation of_the
die£hy1 céﬁplex. _The reactioﬁ scheme is given in Figure 4. Tperma—
losis is seen not to lead to any coupled product. Couéling can be
. initidted, but it is not the preferred route of decoﬁposition. This
diefhyl complex was found té be an active catalyst in butaéiéne cyclo-
dimerization. For this complex to function in such a process, the
mecﬁanism must involve the generation of a coordinatively unsaturated
complex in oxder to allow for blefin coordination (58).

Iron (II) is also a géod radical trap. The reaction of iron
(II) with free radicals has demonstrated its versatility as a trap and
a one-electron reductant (59-62). Functioning as a free radical trap,
the“iron:(Ii) was observed to give coupled products from methyl free

radicals via the proposed scheme (59):
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Figure 4. Reactions of FeEtz(dipy)2 {5%,58) .
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.
Re + M°T T (rem)?t

Re + (R'M)2+ <+ RR + M2+

2@®eM)%T » mR + 2m?F

This';eac@ion was par£icu1ar1y facile with Ni(II).

. -Iron (III) is the final oxidation state of iron thaf will be
discﬁssed. Igon (ITII) is a d5 ion. The iron ion can effectively
|perfofm the functions of a free radical trap through its relative
ease Qf reduction to iron (II). 1In particular, ferric chlofige is

a very.effective trap for alkyl radicals, the product of the reaction
< being an alkyl chloride aﬁd ferrous chloride (63,64). The reaction
.is félt t§ proceed via a bridging chloride, i.e., an outer sphere

- reduction.

Re + Fe(III)Cl3 > [R°°°Cl°°°Fe(III)ClZ] <+ RC1 + Fe(II)Cl2

The effect of free iron (III), that is without coordinated chloride,
is to oxidize the free radical to the corresponding cation which pro-
ceeds to form products t65). The iron (III) ion is effective as a
free radical trap, but of little utility in forming alkyl metal com-
plexes, probably because of the low stability of an iron (IV) ion.
This discoﬁrse on iron organometallic chemistry'suggeéts that -
the fofmation of the lower valent states of iron can lead to partic-
'uiarly effective reagents in ofganic synthesis. The oxidation states

of iron (0) and iron (I) are noted to be more reactive than the
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-OXidation states (IIi and (III) as demonstrated Ey both the.iron
cérbonyl chemistry and the Kharasch reaction. The formation of these
I;we;.valent s;ates'has hsually been accomplished with chemical réduc—
iﬁg'agents which have fixed but wide varying reduction potentials.

.Tﬁis method of reduction generally iimits the syntheticAmethod-in that
'£he organié substrate is susceptible to reduction éf unprotected func-
tionél groups. Secondly, the chemical reducing agent is usually re-
quired'in excess concentrétions to insure that all tﬂe iron remains
reduced in which case a cafalytic cycle is available. .Alternatively,
the iron is prereduced to a lQQ oxidation state such as fhe iron in

ﬁhé disodium tetracarbony}ferrate reagent. The reduced iron is sus-
ceptislé to oxidation and therefore requires specié} hanaling.. Another
mefhoajof reduction uses an electrochemical cell to effect the reduc-
tion of an air stable iron salt in the presence of an organic sub-
's££ate. The initial investigation into the utility of this method was
‘done by Pillsbury (66) . Tﬂe method was successful. Electrochemical
' celis h;ve also been used fo form d8 organometallic.complexes from the
d§ organometallic parent (67). The synthesis outlined by Piilsbury
'ié differeﬁt in that the reduction, organometallic formation, and prod-

uct generation are preformed in one cell without prior preparations.
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Reduction of Organic Halides

The electrochemical reactivity of organic compounds has been
.thoroﬁghly reviewed by Fry (68), Mann and Barnes (69), Baizier (70),
apd Rifi (71). The reaction Qf particular concern for this disser-—
tation is the reductive cleavage of organic halides. The classical
work of Qon Stackeiberg and Stracke (72) established an electréchem—
ic;l reacti&ity pattern for the organic halides that has recently been
modified by Fry (68).

1. The ease of reduction of organic halides follows the order
allylic = benzylic > saturated & aryl > vinylic

Thus, allyl bromide has an E = =1,29V(SCE), ethyl bromide has an

1/2.

E = =2.09V(SCE), n-butyl bromide has an E

1/2 = -2.27V(SCE), and

1/2

1/2,= -2.47V(SCE). All of these reductions

occurred in.75% dioxane~water solvent with tetraethylammonium bromide

vinyl bromide has an E

as the supporting electrolyte. SCE refers to the saturated calomel
éléctrode used as a reference electrode.

2. The double bond in unsaturated halides is not electrochemi-
cally reducible.

3. The ease of reduction of a particular 6rganié halide is a
function of the attached halogen. The ease of reduction decreaées
(requifes increasing cathodic potential) in the order

I>Br >C1 >F
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Iﬁ fact, except for unusuél cases, the alkyl chlorides are not electro-
chgmically reducible.
4. Géminal ana vicinal polyhalides are easier to reduce than
simple'haiides. This trend is_adequaéely demopstratea in the follow-

ing two series given in the order of decreasing ease of reduction: -

> > >
CCl4 CHCl3 CH2C12 CH3C1

> . > ' .
BrCHZCHzBr CH3CHBr2 CH3CH2Br . /

5.' Aﬁ increase in chain length of the aliphatic group 'attached

to a carbon atom reduces the ease of reduction:
methyl bromide > n-butyl bromide > n-octyl bromide

The nature of this effect has been attributed to adsorption phenomena.

6. In general, the half wave potentials for the reduction of
orgaﬁic halides.are pH independent indicating that proton transfer to
form tﬁe saturated system cannot occur either before or in the transi-
tion state of the reactign, |

von Strackelberg and Stracke (72), on the basis of the aSOQe
evidence, proposed the follo&ipg méchanism for organic halide reduc-
tion: |

RX + e + Re + X

"Re +e - R

+
R +H > RH
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Two other mechanisms have been suggested by Elviﬁg (73) one ihvolv-

. ing an SNZ type reaction the other an SNl reaction:

. ’ + - > _ -—
SN2 RCH2X 2e RCH2 + X

or

°

RCH. X + le [chzx]'

2 [ ]
. b > o -
[RCH,X] RCHy + X
o - > -
RCHy + le RCH,)
s .1 RCH.X - RCH  + X
N 2 2

+ - -
+ ->
RCH2 2e RCH2

The latter mechanism wﬁs felt feasible by considering the.gffects of
the intense electrical field within the electrical double layer.
Petrovich and Baiier (74) have shown that the ease‘of reduction of
glkyl halide followed the order of Br << OTs § Cl: This order is
inconsistent with an SNl displacement mechanism. Annino et al.‘(75)
and Webb et al. (76) examined the reduction of optically active
cfclopropyl halides and found partial retention of COnfiguratiéﬁ.
Again, Fhe evidence was used to discount the SNl meéhanism.

Lamberf (77,78) and Marple (79) have been strong proponents of
the SN2.mechanism. They have demonstrated qualitative correlations

between SN2 reactivity and half-~wave potentials. In this stead, the
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cathode acts as an extremely large nucleophile. Ulery (80) ihdicated

that two -possible routes exist for this type of attack:

7 "% N ‘ N/ ] | N -
Jeo —[#te | — f¢.w
N/ N/
4 C-Br — Co » Br
) | ' :
”Séase.(81) demonstrated that for bridge-head bromides, the

SN2 mechanism is not possible since backside ;ttack is impossible.
No;ing that halogens can specifically adsorb on the surface of mer-
cury, Sease considered the halogen functioning as a bridging group
be;ween the electrode surface and the alkyl group. In thié config-
uration, an electron flows through the bromine atom from'the cathode
to the carbon. Lambert (82) argues against this mechanism and
sﬁggests that the orientation of the carbon-bromide dipole dictates
that bromiae cannot align itself with the cathode in’this manner. He
proposes either a perpendicular adsorption relative to the carbon-~
bromide‘bond axis or .a possible.SNl effect. |

The intermediacy of the anion radical, [R~X] , has been con-

tested by Fry (68). The [R-X] may be a transition state but not a
true. intermediate. Studies of the reduction of alkyl halides by
.sblvated electrons do involve intermediates with the structure

[RX] . This argques agéinst their formation in an electrochemical
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cell singe the rates of reduction bf hydrated electrons are unrelated
to carbon-halogen bond strength while the‘electrochémical reductions
do demonstrate such a relationship.

The first step of the'reduction in the glassicél méchénism is
‘felt té be rate limiting. Thus, the second.electron transfer ié very
%apid-and, if the first step of the reduction of the original halide
oéc#ré at potentials more cathodic than the reduction of the alkyl |
radical thus formed, a net two eleqtfon transfer occurs. The gvidence
for the intermediacy of free radicals comes from two sources. First,
Hoffman et al. (83) observed two polérographic waves of ohe electron
each for the redugtion of t-butyl iodide. Using t-butyl bromide, only
oné two electron polaroéraphic wave was obtained. 'Tﬁe second source
is indirect evidence such as the formation of organometallics (84) at
merqufy’(85L96); at lead (87,88), and at tin (89). The formation of
coupled‘products is suggested to be indicative of free fadical.

reactions although an S 2 reaction of an electrochemically generated

N
carbénion on alkyl halide starting material can not be exclusively
ruled out. Brown (85) argues that dimers are forméd from the organo-
mercuryiproducts which form from a free radical attack on mercury.
Fleischmann et al. (89) rule out the barbanion attack on RX as ‘being
respoﬁgiblé"for coupled prb&uct on the basis that if such anaé;tack

occurs for:- one reaction, it should occur for all alkyl halides. This

.latter argument .can be attacked by noting that the reduction of alkyl
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. halide is potential dependent (90), see Table III;' The products
géenerated are related to the working glectrode poﬁential therefore
L-such a nai&e étatement ignores the complexity oﬁ the problem.
Evidence for carbanions comes from coulometric work, trapping
: by'CO2 to  form carboxylic.acidg (68), or by isolation of the Hofmann
elimination prodﬁcfé'(76) when the solvent is aprotic.

(+)

T > + CH, = -
R' CH:‘BCHZNE‘IZ3 RH CH2 CH2 + 2Et3N

Organometallic Electrochemistry

The synthesis of organometallic compounds has already been sug-
gested to provide.evidénce of free radical formation dAuring the reduc-
tion of organic halides (84~89). Settineri and McKeever (91).and
Léhﬁkuhl (90,92) have reviewed the area of synthetic organoﬁetallic
electrochemisfry aﬁd the subsequent electrochemical degradation of
£he organometallic has been reviewed by Dessey (93).

The electrochgmical formation of organometalliés can proceed
vig one of three routes (90,92).

1. The reduction af organic compounds to form organic radicals
which subsequently attack the cathode metal to form the organometallic
(sac?ificial cathode) .

2. ‘Metallic compounds can be reduced to a lower valence state

of the metal. As noted in the introduction, this state is often not
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Table IIL. _Cathode Potential veréus Product Distribution (90)

_ ' - Cl Cl
C Potential :
Ci CHZ-—>—2 Cl CH2—>—2-Hg
V vs Ag/AgCL ’
o % %
*=0.94 2.1 39.0
~1.05 25.0 26.6

~1.30 21.0 4.6
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gfablg per se but may Be stabilized by:suitable organic complexing
:agep;s. | |

3. .Anodic oxidatién'of organomgtallics containing carbanions to
generaté free radicals which can then attack the anode material to
form new orgaﬁometallics.

The reductive routes of organometallic synthesis are particu-~
. Iarly germain to this problem. The proposed schemelto account fof the

organometallic products formed at a saqrificiél cathéde is (86,87)

RM

>
ads R R#

' * Mcathoge +
RX + 1~ + Ri . +x 1§ g H

The formation of the orgdnometallic is a function of the cathoae po-
tential as noted in Table III. The major tools used to identify
reduction pathways for organic halides has been polarography with a
dropping mercury electrode and controlled éotential electrolysis
using a mercury cathode or some other sacrificial electrode. Brown.
(85) claims that simple dimers are seldom formed as- the major prod-
uct of halide reduction and, when they are reported, they have been
formed frém organomercury products duriné the énalysis after the re-
duction. >This view is particularly harsh, but does suggest that

"free" radicals are adsorbed radicals and the lifetime of a carbanion
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i; too short even in aprotic solvents to engage in nucleophilic
attack on the starting material.

The formation of organometallic compounds By reducing the metal
in the presence of an orgahic substrate has led to the preparation of
several organometallic complexes. Usually the-organic ligand is a
complexing agent with multiple T-bonds which are effective in stabil-
izing low valent metals. Several examples follow.

reduction
Fe(acac)3 CO, 86° Fe(CO)5 65% (°4)

stainless steel
cathode

. Al-anode, THF 1 . 2

Nl(acac)2 Y [N1(C8H8)]n + 3 Al(acac)3 (90)
. . Al-anode, THF . 2

Nl(acac)2 > N1(PPh3)4 + 3 Al(acac)3 (90)

Ph3P

1l) +2e, Al anode

CO(acac)2 T S CH2=CH(|:H—CH=CH—CH=CH2 +
2) butadiene CH3
CH2=CH—CH=CH—CH2—CH2~CH=CH2V (90)

‘The latter example represents a reaction that has led to the di-
merization of butadiene via a reduced form of cobalt and assumed

organocobalt intermediate.
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The formation of organometallics is imporfant in systems where
,'they are assumed to bg generating product. Dessy's work on the elec-
. trochemical degradatién of the organometallics is shoWﬁ ip Figure 5
.(90;93). .Lehnkuhl (90).has'given examples of these routes and the

reader is referred to his article.

Electrochemical Cells

The methodologies for examining an electrochemical‘reaction
have been:Aiscussed by Headridge (95), Sawyer and Roberts (96),
. Cauguis (97), Meites (98), and Fry (68). Fundamental electrochemical
conceéts are thoroughly. developed by Bockris and Reddy (99) and the
réader is referred to thié text for detailed study..

of the.available electrochemical techniques usea to examine an
electrochemical system, the least articulate is macroscopic synthesis.
The transition from microelectrochemistry to macroelectrolysis cells
is not necessarily smooth for it involves increasing the concentration
'df the electrophore 100 to 10,000 times that used in a ﬁolarogfaphic
technique (100). The practical problems of electrolysis on large
samples:have been reviewed (101).

Three types of electrolysis cells are available for large scale
electrolysié. Two of.these cells are two-electrode assemblies which
operatée at either constant current or constant applied potential. The

third cell is referred to as a three-electrode cell. 1Its operation
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R
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+e
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Electrochemical Degradation of Organotransition Metals

(90,93).
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involves the control of the working electrode potential (102). All
three cell types have been used in this work and a more thorough

'presentation will be given in the discussion.

Statement of the Problem'

Two advantages which an electrode has over a chemical reducing
agent are (1) control of the reduction potential éf tﬁé electrode
whiéh theg introduces ene?gy selectively into a system and hence varies
the nUmber‘of electrons transferred, and (2) the electrode often sim-
ply adds or removes an electron from the electrophore without entering
into bonding as is often the case with Chemical.reagents (1035. An
electrochemical cell will be‘used to examine the plausibility of.gen-
- erating low valent metal ions or atéms in the presence of an organic
halide. The organic halide can subsequenfly react with the low valent
metal aécording to the homogeneous processes outlined in the introduc-
tion. The strategy is to selectively reduce the metgl'ion without
. concommitant electrochemical reduction of the organic halide thus the
inérganic ion functions as a homogeneous mediator in the overall

conversion of organic halide to products (104)}.

Reduced inorganic ion + RX =+ .Oxidized inorganic ‘ion + products

+ ne ‘

Cathode
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VI

DISCUSSION

Two—-Electrode Systems

The reaction we are attempting to effect is the conversion of
élkyl halides to coupled dimer, R2, and disproportionated producfs, RH
and R(-H) where RH represents an alkane and R(~H) the olefin. This

transformation is known to occur

rg [R,, R, R(-H)]

in several organic reactions using reduced forms of the metal such as
the ciassical Wurtz reaction and the Kharasch reaction.

Our initial investigations into this transformation used a two-
electrode ceil run under constant current or constant.applied potential
(66;105). Table IV indicates that coupled products were formed during
the reaction. The cell used in this phase of the examination is.shdwn

in Figure 6. The operation of the two electrode cells under cénstant

-current and constant applied potential will be considered.

I

Two solution eléctrophores are available for reduction in the

electrolysis cell, the metal ion and the organic substrate. Each elec-

' trophore has its own reduction potential corresponding to EM and E

RX
1/2 1/2

where M and RX represent the metal ion and the organic halide, respec-
s

tively. Figure 7 shows a possible polarographic trace for two solution

electrophoies. A judicious selection of metal ion and organic halide

 will generate a cell in which the metal is reduced before the organic




Table IV. . Coupling of Organic Halides (105)

Product

" Substrate Metal Electrode Stabilizing %
: Acetylacetonate (Cathode/Anode) - Ligand Yield
1-Bromobutane Fe Ni/Ni Ph P Octane 28
2-Bromobutane Fe Ni/Ni Ph3P 3,4-Dimethyl 20
hexane
2-Bromo-2-methyl- Fe Ni/Ni Ph3P No coupling
butane .
1-Oc¢ctylbromide Fe Al/AL Ph3P Hexadecane 32
Octane . 11
" 1-Octene 3
1-Octyl bromide Fe Al/Al —_ Hexadecane 30
Octane 49
1-Octene 18
Benzyl chloride Ni Cu/Ni ' Ph3P Bibenzyl 87
Benzyl bromide Ni Cu/Ni Ph3P Bibenzyl 85
Ni Cu/Ni Ph3P Biphenyl 65

Phenyl bromide

Sy
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Two-electrode Electrolysis Cell: (A) nitrogen inlet for
purging the solution and maintaining a positive pressure;
(B) gas outlet which is open during purging and closed
during electrolysis; (C) stopcock for closing gas outlet;
(D) rubber stopper; (E) electrolysis solution; (F) cathode;
(G) anode; (H) magnetic stirring bar; (I) 100-ml

Berzelius beaker.
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Figure 7. Polarogram for Two Electrophores. I is current, E is
potential of dme versus suitable reference, A is E of

i 2
metal ion, B is El/2 of alkyl halide. 1/
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substrate, ET/Z > E§§2' Although the polarographic cell operates with

e . -4 .
solution concentrations of 10 M, the macroscopic cell using concen-

trations of 1.0 to 0.1 M is expected to béhave similarly, that is

M- RX
o> .
:'El/2 1:"'1/2

,éystem containing two reducible electrophores (101). When the cathode

Figure 8 presents an I~E curve for such a macroscopic

pétenpial is less than EA no current wil} flow through the cell since
no-électron transfer reactiohs occur across the electrode-sqlution in-
férféce. When the potential.of-the cathode reaches EA, current beéins
to flow. As the potential of the cathode is adjustgd Erom EA to E_,
the current increases with the changing potential much like that'ob—-
'éerved in a polarographic cell. The current in this region is poten-

tial dependent. Between potentials EB and E , the current is indepen-

c
dent of the cathode potential and the electrode is said to be polar-
ized. All of the molecules or ions of the electrophore that arrive at
‘the electrode and can undergo this reduction are reduced as soon as

they reach the electrode. The current associated with this plateau is

Continued cathodic shifts past E_ result in

the limiting current, id' .

the reduétion of the second electrophore.

Constant current electrolysis is alsp demonstratéd in Figure 8.
If a cgrrent is selected such that the control current, io' is less
than the 1imiting current, ig, fér»the first reduction, the electro-
phore corresponding to the first curve--in this example the metal ion

—-is reduced. This is the idealized system envisioned to be occurring
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Figure 8. Macroscopic Cell with Two Solution Electrophores (101).
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within tﬁe:electrolysis cell. The cathode potential for this current
leyel'is Eg; As the electroiysis continues, the concentration of the
. meféljioﬂ'decreases reSu}ting in a decrease in magnitﬁaevbf the limit-

LIT '
However, i is less than the pre-

- ing current for the metal ion, ;T 4

. d‘ )
selected. current, io’ therefore the cathodic potential must shift to

EéI in order to compensate for the current difference beéween iéI and
io. This shift in the cathodic potential with the concommitant_in-
crease in the current in order to maintain the current level,.io, means
Fhat-another‘solution electrophore is being reduced. Ip the;sfstem
undér investigation, this reflects the direct reduction of the organic
" 'substrate. The strategy of selective reduction of the metal ion.is
.forfeited.

‘ Eigure,Q depicts an ideal system in which the cathdae potential

E ié:being'followed. Without a reference electrode in the system,

C"
‘the .cathodic potential is not known. The potential that is observed to

change in a two electrode cell is the applied potential. This change
iﬁ the applied potgntial is not necessarily a simple function of the
current as indicated for the cathodic process in Figure 8. The applied
potential isa function of several components given by the equation

(106)

i = J@ - - D ) .
LAPP LC EA iR ri'overpotential

where E is the applied potential, E

is the cathode potential, E
APP ~

C A

the anode potential, iR the‘poténtial'drqp due to the resistance of the
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. solutipn to current passage, and E is the voltage in ex-—

overpotential
cess of the theoretical value for the ¢ell calculated from the Nernst
equation that is required to get the electrolytié reaction o occur

at én appreciéble rate. Both the overpotential and the solution re-
sisténce.can'change during the electrolysis, the changes not being
fundameﬁtally related to the cathodic potential or the‘overall currént.
for instanée,‘the conductivity of the solution might increase if the
anode reaction is a discharge (oxidation) of a metal. This could cause
the applied potentiai to be reduced in a constant current cell since
thg_resistance‘of the solution is reduced. Likéwise, the overpotential
may be less és the.surface of the cathode undergoes'modification'such
as occurs in plating a solution ion onto an’inert electrode. This
would result in a decrease in the applied potential even though the
'cﬁfrent.is held constant.

The problems of the two-electrode cell run at constant current
are not coﬁpletely removed when the system is operated using two elec-
trodes af constant applied potential. V. T; Brice initiated the
study using constant applied potential (105). Under this method Qf
, Qperatioh, the potential applied across the two electrodés is held at
.éome constant value.' The current-time behavior for this type of cell

-using an aqueous solution and the simple reduction
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Ox + ne > Red
is shown in Figure 9. The current for such a simple reduction is ex-
'pected to decay in an exponential manner. This current decay is de-
'-5cribed by a logrithmic function in terms of current or concentration

of the electrophore (68).

i\ = Bt + .
log i Bt log iim

or
. o
log c*rt - -Bt + logC*

where it is the current at time t and ilim is the limiting current for

the'initial concentration of the electrophore, C*. The bulk solution
* .
concentration at time t is given by C 't. Beta is referred to as the

electrochemical rate constant. Beta is a function of several param-:

eters

_ 0.43 DA
R

where D is the diffusion constant for the electrophore, A is the sur-
face area of the electrode, V is the volume of the electrolysis solu-

tion, and 6 is the Nernst diffusion layer thickness. ‘Controiling the

L1l

magnitude of these terms can generate a faster ele¢trolysis. Figure 9

shows two curves for the same concentration of an electrophore in two
different cells. Curve A represents a cell of high B and consequently

short electrolysis times. Curve B represents a curve of much smaller

]
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Figure 9. Current-Time Curves for Two Systems with Different
Electrochemical Rate Constants (68).
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B.and hgnée longer electrolysis times. ‘The general characteristics for
both curves is a smooth decay of the current with time.

For the ideal case in a constant applied potential electrolysis
",-c'e'il, the current falls smoothly with time. Suéh ideality is not al-
ways available. Recall that the total applied potential of the elec-

' trolysis cell not only includes the potential'difference of the cathode
and the anode, but also the internal resistance and overpotential of
the cell. The internal resistance of an aqueous solution with a high
c&ﬁcentration of a base electroiyte is normally not very large. Thus
the thermodynamic cell potential, is not very differ-

?cathode - Eanode’
ent from EApplied if the overpotential for the particular reaction is
small. However, for'nonéqueous solutions, the high inte;nal resistance
of the solvent influences the magnitude of the applied potential.

Henéé £he.thermodynamic potential and the'applied potential are not so
readily related. Should the intgrnal resistance change during the
electrolysis, Eanode and Ecathode must also change in order to main-
tain a constant applied potential. If the nature of‘the cathode
chénges~durihg reduction as it can if plating occurs,'the‘overpotential
of the new surface may be less than the overpotential of the original
surface. If the céthodic potential for this new surface does not
change;.that is the applied conséant.potential holds this new surface

at the same potential as the old surface, the permissible current

density at the new surface can vary widely (107) or an éntirely new
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electrolysis reaction can occur. This effect of the electrode material.

. on the overpotential for hydrogen gas evolution is demonstrated in
Table V. 'As the exchaﬁge current density decreases, a greater applied
. pqtential is required to reduce the proton to H2 at an appreciable

3

~rate. -

‘Table V. Approximate Exchange Current Densities for the Hydrogen
" " Reaction on Metals at 25°C (108)

Metal | Exchange Current- Metal Exchange Current
Density (A/cmz) Density (A/cmz)

“Pb,Hg . 10713 Fe,Au,Mo 107°

' -11 - =5
Zn 10 : W,Co,Ta 10

~10 -4

Sn,Al,Be . 10 Pb,Rh 10 -
Ni,Ag,Cu,Cd 1077 Pt 107

?he two-electrode cell run under constant applied potential does
provide some information concerning the reaction being investigéted.
Ihe systgm used as a probe into the nature of the electrochemical
reaction incorporated iron (III) acetylacetbnate, Fe(écac)3, as the
-.inorganic transition metal salt and l-octyl bromide as the organic

éub;trate. The results in Table IV indicated that fhe organic’prod—
ucts for this reaction wefe hexadecane, (R2), n-octane (RH), and
'1—octené, [R(-H)]. Triphenylphosphiné, Ph3P, was used in the cell for
© two purposes. Kochi (41) noted a greater amount of dimerization
'bcgurs for those fa&orable systems in the Kharasch reacfion when Ph

3¥
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was present than when it was absent. Secopdly, the weak T-back bonding.
+ ability of the PhBP can help stabilize and solubilize the reduced
forms éf the iron'by rémqving some of the electron density from the
reduced iron.
Table VI presents additional résults obtained’with this two-

. -electrode cell for the reduction of Fe(acac)3 in the presence of
l-octyl bromide. Seyeral points should be noted. Fiist,‘the yields
.ofhhexadecang, octane, and l—octene'arg based on tﬂe amount:of unre~
covered starting material. The per .cent reactiog represents how much
of.the starting material waé consumed. Summing the yieldé of recovered
products demonstrates that not all of the unrecovered material is
accounted for. Secondly, the suggested general reaction does appear

to 6ccur with lfoctyl bromide generating‘dime¥, alkane, and olefin.
Finally, the reactions listed in Table VI were prepared so that all

the §§stems were identical. However, the yields of prqduc£s are

rather Widespfead.' In one‘insténce, no products were obtained yet in
anbther identical reaction as much as 33%_coup1ing occurred. Obviously,
the réproducibility of the system is questionable. | |

Current-time traces for three representative experiments obtéined

from the two-electrode constant applied potential cell afe given in
'Figure 10. Although these cells are asseﬁbled so that the solution
coﬁbentrations are duélicated, the,curréﬁt-time behavior suggests that

fhelreactions occurring in the solutions are not identical. The

-
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Table VI. Product Yields for the Two-Electrode Constént Applied
. Potential Electrolysis Cell with Octyl Bromide and
Fg(acaC)Blusing Aluminum Electrodes. '

‘Reaction No. ~  NI025 NIO85 NI114 NI118 NI127

¥ C Ho, 0 27.6 20.7 23.9 25.4

% CgH, o 0 o 17.2 10.1 7.7

% ’ . . .
CgH, o | 0 6.2 a.1 4‘3

% Reaction None 100% 100% 100% 100%

I (mA) 15 42 42 37, 22

max :

. At (hours) 76% 92% 88% 91 114
Reaction No. NI147 NI170 NI190 NI193 NIIO33
r ) . 3. . )

€, Hag 32.4 31.9 33.8 2.5 9.5
% . . 0.8 2. .3
CgHyg 11.1 .28.5 3 ”1 0 6
3 . . . . 2.
3 CgH, 3.2 7.0 9.1 1.9 6
% Reaction 72.3 59.9 64.5 34.2 64.2
(ma) 37 32 36 16 36
max . !

At (hours) 65 73 73 124 119%
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t (hours)
Figure 10. Current-Time Behavior for Three Representative Two-Electrode Constant E Elec-
trolysis Cells with Aluminum Electrodes. (A) Reaction NI11l4; (B) Reaction NI118;
(C) Reaction NIIO33. E = 1.5V for each reaction.

APP
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current-time behavior is not typical. The rise in current is unex-
pected for-a simple reduction of a metal ion.electrophore in an con-
létapt applied potential electrolysis cell.

Several possible systems éould account for this curréntJtiﬁe
‘behavior. Two txiﬁial situations are associated with the méthod of
eieétrolysis. The aluminum electrode is covered with aﬁ oxidé layer
before immersion_into the electrolysis cell. This is an-insulating
layer which may be,remév?d during the electrolysis. Alternatively,
the aluminum electrodes are rendered passive when placed into the elec-
trolysis cell. Such-passivation’ of the aluminum is known to occur
-with amines (109). Acfivation of the electrode is demonstrated by a
current rise. The increase in current during the initial eléctfdlysis
éo@ld al;o indicate a change in either the internal resistance of the
solvent 6r a- change in the reaction 6verpotential or both. The antic-
ipated change would be a reduction in the resistance‘and/or over-
potential so that the potential drép between the cathode and the anode
increasés. This is analogous to making the cathode potential more |
negafive (cathoaic). Such a drift in the cathode potential could in-
" crease the current in two ways. First, if the initial cathode poten-
tial is near the foot of the reduction wave cqrresponaing to poigt EA
in Figure 8, the negative drift in the cathode potential would cause '
thé current to.increasé. Alternatively, this potential drift is suf-

ficiently cathodic to initiate the reduction of a second solution
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electrobhore..-Finally, if iron is plating onto the aluminum electrode
. and the overpotential for reducing iron ibns at an irén surface is
llower.than the overpotential for reducing iron ions at an aluminum _
‘electyode, the currgnt.would again increase. Alternatiﬁely, the direct
.éleetrbchemical reduction of the l-octyl bromide may proceed at this
ne&ly plated iron surface although it would not have 6ccurred at the
.aluminﬁm electrode.. This latter situation conflicts with the réaction
strategy. As noted in the introduction, such direct reductions of the
'orgénic halides are not known to lead to coupled products, therefore
tﬁis latter situation is not expected to be occurring:in the reactions
of Table VI. |

A reference electrode was used to monitor the.cathode potential
in the two-electrode constant applied potential electrolysis cell.
.Fiéure,ll shows that the cathode potential does shift.during the elec~
trolysis. ‘ |

vIdeélly, the increase in current may be indicative of a chemical
;eaction oécurring after the initial electron transfer'step. The orig-
inal view éostulated by'Pil;sbury (66) with some slight modifications
gésopiated with this research is‘contained in Figure 12. 'This postuQ
lated feaction scheme generates a reduciblewform of iron, FeIIX2Ln_2
during the cycle going from reduced to oxidized iron which is ‘mediated
by the l-octyl bromide. The original iron salt, Fe(acac)3; has a bi-

dentaté ligand attached to the metal center. Iron (III) may be easily
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0.8 T T T
0 10 30 50

t (hours)

Figure 1l1l. Cathode Potential versus Time for a Two-Electrode Constant
E Electrolysis. Potential Monitored with Cd (Hg)

P
Ré%erence. E = 1.5V.
APP
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Figure 12. Idealized Cyclic Reaction with Iron Mediator and Alkyl Halide.
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reduced to Fe(acac) but the subsequent reduction of iron (II) to

2’
iron (0) may occur at more negative potentials for the bidentate ligand,

acac%f, than for the monodentate ligand, Br , i.e., Efjgrz >.Ei$éacac)2.

During the chemical transformation mediated by l-octyl bromide, a new

. Ix . .
electrophore, Fe X2Ln—2' is generated which may subsequently be re-

ducéd; the current would increase as this new electrophore is formed.
‘The complete sequence of events can be summarized as an initial élec—
tron transfer followed bf a chemical reaction which generates a new
reducible eiectrophore that is subsequently electrochemically reduced.

This process is typed an ECE mechanism

+ne

Oxidized (1) > Reduced (1) E
Reduced (1) + X = Oxidized (2) C

. +me ,
oxidized (2) 3%  Reduced (2) E

If thé eléctrophore genérated in the chemical step is the same as in

the o;iginal solution, Oxidized (2) = Oxidized (1), then the processes
is termed electrocatalytic. Such a system occurs in the napthyl radical
anion reduction of an alkyl chloride that is itself electrochemically

inactive (68). Such a catalytic
< - QO
[]:+RC1 - + Re + C1™
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cycle fi£s the framework of the proposed reaction.

The two;electrode constant applied potential elect?olysis cell
cannot Qistinguish between the possible systems suggested aBove be~
cause ;he potential of the cathode drifts in the solution. Such
drifting,may subvert the reaction strategy of selective cyclic reduc-
_fion proposed in Figure 12. The reaction is indicated to be promising
'sinceléoupled producfs were formed. This represents an improvement
over the Karascb reaction which also used reduced iron. 1In this reac-
tion, thé'generation of coupled products would not occur if the organic

substrate had beta-hydrogens available.

Three-Electrode Electtolysis

The problems associated with the two-electrode cell can be dealt
with using énother cell design. Specifically, a three-electrode cell
is,degignéd to eliminate the effects of the iR drop between the anode
énd the cathode. Depénding'on the nature of the investiéated electro-
cﬁemi;;l reaction (oxidation or reduction), the appropriate electrode
is térmed_the working electrode and the other electrode is the counter
eleétrode.’ For ail of the workdealt with in this thesis, the working

electrode is the cathode. The potential of the working electrode is
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maintained constant via the incorporation of a third electrode, the

reference electrode. A -simplified diagram follows.

Power

7

Counter ! Reference Potentiometer |

Working

Several authoritative texts describe the assembly and operation of the
potegtiostat (68,95,96,95,102). Only a few highlights of its opera-
tion are included here. The three-electrode cell is designed to vary
‘thélapplied poEeﬁtial‘while controlling the working electrode poten-
tial., The latter is accomplishéd by comparing the potential drop be-
tween the wquing and the reference electrode to some preselected value
“stored in the potentiometer. When this éomparison is valued rather
than null, appropriate signals are sent to the power pak to either in-
crease or decreasé the applied potential. The critical component of
.this syséem is the reference electrode. The reference electrode is
the point of zero potenfial on which the potential of the working

electrode is based. If the potential of the reference electrode

varies, the system-analyzes this change as a drift in the working
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eleetrode pofential. The net effect is no better £han the probleﬁ
ﬁacgd with a‘two—electfode cell. The potential drop between the work-
iﬁg aﬁd the reference electrode is known, but the-potentéal of the.
wﬁrking electrode with'fespect to the solution is unkﬁown{'

The reference electrode has speﬁific design requirements.’ The
electrode'ﬁust be completely insensitive to changes in the solution
‘camposition during the electrolysis. It must have stable junction po-
tentia}s between the reference cell and the electrolysis solution.

The pétentiél of the internal half-cell must be invafiant with time,
staﬁle'to small passages of current, and reversible. The iﬁternal
half-cell must be reproducibly prepared. The whole system should be
eaéy to assemble. Since passage of current involves the transport of
mattér;to the eiectrode and chemical trahsformations at the elgctrode/
solution interface,'the ideal behavior of a reference electrode can
only be approached. Critical surveys of the literatgre dealing with
reference électrodes have been prepared by severél groups.(69,§6,l}0-
i
113). These sources should be.consulted for further detail. |

Reference electrodes for nonagqueous solutions are not readily
avai;able. This paucity of eqguipment reflects the.severe-restrictions
placed on the reference electrode. Much work has been performed using
the commoﬁ saturated calomel electrode (SCE) for nonagueous electro--
chemistry. ngerally, this reference electrode is isolated iﬁ a fefer—

encé'compartment that is physically separated from the nonagueous
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.sélventu "The reference éqmpartmént makes electrical contact with the
cell via an appropriate salt bridge made of agér or methyl cellulose
'saturatéd wiéh a base electrolyte. The whole assembly looks like a
capitél H, hgnce the name H-cell for this configuration.‘ The ends of
the salt bridge are usually sealed with fine or medium porosity glass
frits.. For a. standard stirred mercury pool electrolysis Eell, this
arrangement has resulted in a nonuniform potential over the surface of
the electroae, the closest portion of the working electrode to the
reference electrode corresponding to the preselected.potential that is
mon;torgd by the reference electrode (10l1). This H-cell configuration
h;s been elegantly redesigned to eliminate some of these difficulties
(98).
The entire concept of a bridge can be attacked on fundamental
grounds. Each junction of the bridge introduces lafge énd unknown
_junction potentials as it makes contact with an aqueous solution on
oné side of the bridge and a nonaqueous solution on the other side
(111). Furthermore, there is no way At present'to relate thermodynamic
potentials in different solvents to the same aqueous reference elec-
trode (96) albeit extrathermodynamic methods have béen used (96,114).
The continued u;e of such bridges is simply a matfér of cénvenience.
Ah'attempt to prepare appropriate salt 5rid§es for the aqueous

SCE in a standara H-cell electrolysié vessel failed. An agar bridge

0) mixture containing either tetraethylammoumium

(70% DMF, 30% H2
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bromide, TEAB, or tetfaethylammbnium perchlorate;.TEAP, waé used to
separate .the two halves of the cell. This bridge'wéé initially assem-
_ bled to éeparate the two electrolysis,compartménté for a two-electrode
electrolysis reaction. These reactions generally proceeded for-60 to
90'hoﬁrs during which time the agar plug was notea to deteriorate, a
visqal iqdication of changing junctionvpotential;. Therefore, this
bridge was considered inappropriate for isolating the.SCE reference
: eleétrode.

-Another reported sai£ bridge that was sugggstéd'to be of measur-
able improvement over the agar plug used methyl cellulpse as the gell-
ing agent (115). This plug was assembled similarly to that of the agar
plug, but it too decomposed while standing in N,N'-dimethylformamide,
DMF, for 70 hours. This apparent dissolution of theé bridging material
"suggests, of course, changing and erratic junction potentials, intol-
erable in any controlled potential electrolysis.

Atteméts were made to isolate the SCE in a DMF solution' of TEAP.
This solutiqn would be separated from the primary'electrélisis cell
with a DMF/TEAP bridge—;a solution bridge rather than é solid bridge.
The quaternary ammonium perchlorate salt was used instead of thé
bromide because the perchlorate salt is more soluble in DMF than is
the bromide 'salt. The design was not satisfactory. The yellow iron
acetflacetonate was observed to migrate rapidly thréugh the liquid

salt bridge. The aquecus solution-leaking from the SCE could be
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difquing as rapidly through the bridge into the electrolysis cell thus
.contaminatiné the nonaqueous solvent. Seéondly; thé SCE had a fiber
jugcfion to establish electrical contact between the.iﬁtefnal aqueous
SO;utign of the reference electrode and the external nonagqueous solu-
tion. Thié junction is for electrical contact and,'operating under
conditions.of continuous impedéd flow, allows the internal filling
solutioﬁ tb.siow;y pass across the fiber into the monitored solution.
A constant léakage is necessary to establish stable junction poten-
tials between the reference solution of the referencé electrode and
the.monitored solution. Since éotassium chloride, KCl, and water leak
é¢;oss the fiber junction of an SCE, these components would be expected
to be:aischarged into the DMF. Unfortunately, the TEAP in the DMF sol-
ution allowed potassium perchlorate to form at the junction. This
pot;ssiﬁm salt is insoluble and clogs the junctiori. Since a constant
and substantial flow rate is probably the most critical factor for
obtaining reproducible junction potentials (96),-thi$ precipitate
changes ‘the junction and increases the resistance éf the fiber making
the reﬁerence électrode unsatisfactory.

A final attempt to make use of the SCE involved changiné the
agueous internal filling solution to a tetraethylammonium chloride
saturated DMF solution. Sodium chloride, the salt'of first choige for
the iﬁtended £illing solution, was not appreéciably soluble in the DMF,

* . therefore the use of the quaternary aﬁmonium’chloride salt. Just prior
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to fiiling the reference electrode with the DMF éolution, a report was
-.read that mercurous ehloride, Hg2C12, aisproportionétes in DMF (113).
© This mércury.salt establishes part of the internal half cell reaction.
; The SCE was abandoned.
| 'Anéthér commonly used reference electrode system in DMF is the‘
silver/silver ion electrodé, Ag/Ag+, either as an eleétrode of the
first kiﬁd:in which the silver metal is in equilibrium with its own
ion (116), A§+, or as an electrode of the second kind in which the
éilvef metal is in equilibrium with a sparingly soluble silver salt
r like silvér chloride (117), AgCl. The latter reference electrode re-
quirés an internal filling solution which maintains a high, constant
.concentration of éhloride, c1l . Unfortunately, c1” complexes with
Agcl'in most organic solvents to form the readily soluble (AgClz)l_
compléx (96) which makes this reference suspect since this new compo-
" nent ﬁay establish {l].a new half-cell reaction occurring at some dif-
ferent poteptial and [2] changes the activity of the silver ion thus
affecting the Nernst equation. Although the Ag/Ag+ electrode of the
first kind continues to be used, i£ has been demonstrated to be un-
stable in DMF as the reduction of Ag+ to silver metal is noted to
occur (69,113).
‘GlaSSy'carbon has been used as a cathode for reductions in
aqueous solutions (118). During the examination, the authors noted

there were no drifts in the potential of the glassy carbon indicating
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thévelectrode was éapable of carrying current with minimal electrical
disruption of the solid. The possibility of using this electrédé as
;-alreference was experimentally eValuatgd. Potential drifts in the
‘polaroéraphic half wave potential of a lO_3 M Ni(II) aqueous solution
. fortified with 1.0 M KCl were monitored. The initial drift was anodic
- during the first 24 hours. ' Another more dilute solution was prepared,
_10_4-M in Ni(II), while maintaining the same base'electrélyte (KC1)
condenﬁratioﬂ. In this instance the half-wave potential drifted

y cathédically. Table VII reports the results.

" Table VII. Glassy Carbon Reference, E 2 of Ni(II) in 1.0 M KCl

1/

. ‘ -3 -4 T -4
Concentration 10 M 10 M 10 M
Initial El/2 -1.118v ~-0.959 -0.954
Fin ' -0.9 -0. [ -1,
Final El/2 ' 66V 0.991 1.014
Time (hours) 24 72 48

Although the flow of current does not appear to affect.the characteris-
tics of the glassy carbon when it functions.as a cathode, its perfor-
ﬁance as a reference electrode was considered marginal. The problem
may reflect the difficulty in establishing an equilibrium junction
potential across the‘surface of the glassy carbon and the solufion..
"The glassy carbon reference electrode does not flow, therefore the

junction is,influenéed by changes in the solution. Particularly during
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-larqe scale electrolysis of a concentrated solution, the characteris-
tics of the solution are drastically changing, placing the equili-
: brium.juncﬁién in jebpardy. A flowihg‘reference electrode is more
appropriaté.

Two_reference electrodes for use in DMF have been suggested, the
sodium amalgam, Na(Hg), and the cadmium amalgam, Cd(Hgi (113,119).

The sodium amalgam is susceptible to air oxidation tﬂus requiring

- special handling. This problem restricts its utility. ?he cadmium
amalgam is particularly attractive for, unlike the Na(Hg), this amalgam
.is not-sensitive to air oxidation. -Secondly, unlike the Na(Hg),. |
traces of water are not detrimental ﬁut actﬁally assist. in reducing

" the OVerﬁptential'for a given current compafed to a comnpletely anhy-
drous assembly (113).

The Cd(Hg) reference electrode was first prepared by Marple (120)
and then léter improved upon by Manning and Purdy (121). The cadmium
amalgam was prepared by heating stock cadmium with triply distilled
mercury, cooling to room temperature, and finally adding sufficient
mercury-fo form a slurry (120); ‘Manning and Purdy (121) improved the
amalgam'ﬁy'adding sodium chloride, NaCl, ;nd anhydrous cédmidm chlo~-
ride, Cdci:, to this slurry. The modification of the.amalgam"provided
intimate.contact_between a constant activity of Cl-, of cd(II), and
the amalgam. This assisted in stabilizing the internal half-cell.

Secondly, this preparation of the slurry assists in eliminating
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problems of mercury coalescence which forms a pool-ih the bottom of
the referenée assembly. ' This pool of mercury essentially stops the
flow of‘internal filling solution into the electrolysis cell and. hence
chénges the.junction potential. The internal filling'solution is a

saturated CACl, and NaCl solution of DMF. The reference is reported

2
to have been stable for over a 6-month period. This stability was

evaluated by monitoring the reduction of vanadium in vanadyl sulfate

using a polarographic cell (121,122).

= - 7+
El/2 1.31v 0.0léV

Furthermore, the reported potential of the cadmium amalgam versus the

SCE was (121)

' : ¢ - +
Eoq(ag) U VS SCE: -0.7340 * 0.0007

§
The stability of the Cd(Hg) has been examined by others (117,
123). The junction potential for the CdClZ/Cd(Hg) half-cell is very

small because of the limiﬁed formation of complex ions. such as

1~
3

ities of cacl

cdacl and CdCll+ making'theCdCl2 stable to polarization. For~ﬁolar—

5 greater than 0.06 M, the potential of the amalgam is
unchanged. These data as well as that of Manning and Purdy (121,122)

suggest that this reference electrode is particularly advantageous

for use in DMF.
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Our ;nitial efforts to prepare‘the amalgam failed. The litera-
ture preparation, albeit non-reproducible in this laboratory, is also
unsafe since mercury must be heated to generate the amalgam. The
probable cause for our unsuécessful attempts may be associ;ted with
oxide formation on the cadmium metal that could insultate‘it to dis-
solution into the hot mercury. After many attempts this method of
preparation was abandoned.

The éathbdic reduction of Cd(II) from an aqueous solution of
cadmium~§ulfate at a ﬁercury cup cathode producéd a grystalline aﬁalgam
(124). Although the.ratio of mercury to cadmium was not determined,
s0lid cadmium amalgams at room temperature range from 15% to 55% cad-
mium in mercury (125) and are reported to be:crystalline (126). The
notgdtdecrease in overpotential when hydrated cadmium chloride-is
used, édded an additional perturbation'té Manning and Purdy's modifi-
cation.' Finally, the reference electrode assembly was modified to
eliminate the porous Vycor plug (thirsty glass) of the ofiginal elec-
trode. The plug was replaced by a cracked glass junction. Results in
Table VIII combare the original iiterature preparatidn and the elec-
trolysis preparation.

‘The generatioﬂ.of a stable feferénce electrode éompleted the
electroae‘assembly of ‘the tﬁree—éleétroée cell. A potenfiostat’was
reéuired‘to drive the system. A modified Heathkif'power pak failed to

éivé satiéfactory control. The response time of the powef'pak was
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'.Table‘VIII. Comparison of Reference Electrodesa (124)

Reference Electrode ] B for vanadium

1/2

1. Dissolved. Cd(Hg) with porous Vycor =1.31 * 0.014vV
junction (121,122)

2. Electrolyzed Cd(Hg) with porous Vycor -1.32 # 0.016Vb (6)
junction '

3. Electrolyzed Cd(Hgf with cracked, glass -1.30 * 0.019v" (6)
junction ' :

4. Same as 3 abdve after 4 months of -1.31 % 0.006Vd (3)

continual use

(a) Parenthetical values after the half-wave potentials are the number
' of polarographic scans used to calculate the average E1/2 and
. standard deviation for that wave.

.(b) 0.0343 g VOSO,° X H,0 in 100.0 ml of 0.1002 M DMF solution of TEAP.

(c) 0,0526.g'VOSO4° x H O in 100.0 ml of 0.1003 M DMF solution of TEAP.

2

(d) 0.0409 g VOSO,* x H,O in 100.0 ml of 0.0974 M DMF solution of TEAP.
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slower than the response time of the operational amplifier control loop
used to maintain a'consﬁant working electrode pétential. This resulted
in 6sci11ating béhavior. Secondly, the potentiostat was not capable.of
paSsing ﬁhiough zero potential. Without this capability, current ver-
sus workiné electrode po@ential curves for the macroscopic cells coﬁld,
.not be gengrated. A solid-state in-house ménuféctu;ed poteniostat,
designed and built by Dr. R. Gegr, Montana State Universi£y, has Eeen
used for the majority’of the three-electrode work. The system is
stable and can scan potentials f;om the anodic side of zero through
zero to eathodic poteﬁtials. An added feature built into the system

is overridipg current control diagrammatically shown in Figure 13. The
working electrode poteﬁtiél is maintained at the preselected potential
' untillsome limiting current level, ig' is attained. The sfstem then
goes into éurrent limiting cpntrol with the_working‘eiectréde remaining
constant ox ch;néing-to anodic values af”the prese1ected potential.
When thé current falls below this 1imiting value, ig' the system again
shifts fé constant wo;king electrode control. . The important point here
is that although the working electrode's potential may drift, it never
" becomes more cathodic but rathervarifts anodicallyf One.final note.
'Although the effect of the.internal resistance of the éolvenf bét&eeﬁ
the céunter'electrode and the working eleqtrode has been éliminated, a
small bu£ finite uncompensated iR drops still persists between the

working electrode and the. reference electrode (127). Although ﬁhis iR




T

Figure 13. Idealized Working Electrode Potential versus Total Cell
Current for Solid State Potentiostat with Current
Limiting Override.
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dropfis not,eliminated, its effgct can be maintained constant if the
- geometrical ar;éngement_of_ﬁhe working electrode and, the réferéﬁce,

_electrode is maintained constant.

Potentiometry

Both iron (iII) acetylécetbnate and l-octyl b?oﬁide solutions in
DMF' Qere exaﬁined in a polarographic cell using a drgpping mefcury
electrode, DME, in_orde; to establish tﬁe integritj of tﬁe Selgctive
,feductién’é&nbépt. -Tablé IX lists the results of this gnélysié.
"Within.répetitive runs‘theffeproducibility is superb. ﬁowévéf, repeaf—"
'ihg fhe poiarogéaphié séén”a£ othér'timés.appea£éa to indicaté,thé'
poteﬁtiai-waé driftiﬁg, i.é;, thg reference was unstabie. This was
1étér aséribe@ to the iBOQV'power supply in the Heathkit.EUW-lQQ oper—
_ationél amplifier system. 'ény excessive voltage drift in £his power
supply results in a driftiﬁg'initial potential (128). This instability
of fheippwer SOQrce and hepcé £he unreliability of the iﬁitiaI poten~
tial is reflected in the apbérant changes of the reducfion potentials:
This fabié'clearly dembnétrates the integrity of. the réduction,‘i:e;,
the métal'cén'bé'reduéed'independently'of.thé oiganic'subgtiéte iﬂ a
, pglérqéfaphic cell using a droppirng qerbury‘eieétfode'as the working
éléctfééé; a'plafinﬁm_céﬁnﬁér elécfrdde{'éﬁd'a-éq(Hg) réﬁgrenééfelec—

trodér
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Table IX. ‘Half-wave Potentials for Fe(acac)3 and n~C_H. _Br.

8717
. . Bése Electrolyte

Substrate (Concn, M) © (Concn, M) By, Vivs cd(Hg))?

. : : . . i i
Fg(acac)B'(10"3 M) TEAP (0.1 M) - = +0.086 * 0.003 (7)
Fe(acac) ; (10 M) - TEAP (0.1 M) +0.132 '+ 0.009 (6),
'Fe(acac) (10> m) TEAB (0.1 M) +0.185 * 0.000 (6)
Fe(acac), (107> M) ' TEAB (0.1 M) £0.192 * 0.012 (4)

. 1-C_H. _Br (3.6210—3:M) . TEAP (0.1 M) o 21.409° % 0.026 (6)°

817

-1.588 * 0.021 (6)

(a) Numbers in parenthesis after the half wave potentials are the
number of polarographic scans used to calculate the average Ei/z and
- standard deviation for that wave ' A

(b)'Potentials at the foot of a polardgraphic wave with a large
maxima - K : . r :
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The overpoténtial for hydrogen evolution has been noted to vary
with different electrodéé. This is coﬁmon for most eleétrdchemical re-
actioné.'The polarographic work assufes adequate separation of reduc-
tion potentials if a stir?ed mercury bool‘was used, but the data’ be-
comes ieé; convincing if a'different cathode material is substituted.
Sécondly, the polarographic examination uses concentrations‘of the
Qfder of 10_3 M for ﬁhe.electxophore while the intendéd‘electrolysis
cell opeiates with about O;Z'M Fe(acac)3. This scale up for a mercury

1/2
(100) as described by the equation:

- pool wdu;d cause the El ‘at the mercury pool to shift cathodicaily

1. ' _ .0 -, RL e
(El/z)Hg pool E1/2 t onE D

where o is the transfer coefficient, § the Nernst‘diffusion layer

-thiékness, and EO

l/z'is the standard potential at which the heterogen-

eous rate constant ke for the irreversible wave is defined. Since
both_ke and § are gmall, their product is smailer than the diffusion
coefficient D and the stirred pool half wave is more cathodic. Th}s
simple relationship fails wﬁen the electrode material is switched sSince
thé heterogeneous rate constant changes. Thé three-electrode system
requires that dqrrent—working electrode potentiai curves be generéted
to again insu?e the separability of the reductions.

The components of the three-electrode eiectrélysis Eell wé?e

again examined using two aluminum electrodes and the cadmium amalgam
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reference electrode. Figure 14 shows the reduction of Fe(acac)3 and
1—6cty1 bromide at an aluminum working electréde. The breaking poten-
tial, defingd as the potential where the observed current abruptly
leaves the base line, is ngl separated for the two components. The
reductioﬁ of l-octyl bromide is seen to begin at -1.8V which is near
‘the solvéntllimit. This observation establishes that the t&o—
electrode cells run at constant applied potentials of 1.5V or less
were not in.danggr of directly reducing the l-octyl bromide at the
aluminum' cathode since the Heathkit power pack cannot pass thréugh
zexro volts. If the iR‘drop of the solution‘wefe ze;o volts, the most
cathodic'the system could drift is -1.5V. The anode woﬁla be at zero'

volts and the cathode at -1.5V.

Current~Time Behavior

A current;time,trace for a £ypical 3~electrode electrolysis cell
is shown in Figure 15. An aluminum working electrode with én aluminum
counter electrode was used to genefate this current-time plot. This
current~time behavior is unique and indicates a level of complexity not
appreciated fromlthe current-time behavior of the 2-electrode constant
applied potential configuration. In the 3-electrode cell, the poten~
. fial éf the working electrode is fixed so that this‘intriQuing piot is
not, on first considérations, associated with a driftiﬁg working elec~

trode.pdtential. This was a suggested source for the curreht time
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Figure 14. Cell Current versus Working Electrode Potential Curves for (I) 0.2M Fe(acac)

and (II) 0.8M 1= C8Hl7ur at an Aluminum Working Electrode.
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"seen with the twofeléctrode cell run at constant %pplied poten£ial
:whi;h hé&.beén documentéd by.monitofiﬁg the gathode §otential with a
reference elecfrode, Figgre‘il. Secondly, the current behavior is not
associated with an aétivational process since such a system should be-
gin with the cufrent at some low level and .then increase the current as
the actiﬁéfional process proceeds. 'The above trace shows an initially
high.current'falling with time, Curve A. The decrease in cuirént rep-.
‘resented by curve A i; the expected behavior-fof a simp;e reduction
_step. The current trahsients‘corfesp§ndiﬁ§”£o:dur;es B and é are unex;
pgcted. |
chhta and Evans (129) observed an increase in the éleétrolysis
current during the eléctrochemical reduction of l,ﬁ—dipheﬁyl-lfé—
propénedione in DMSO!I The&iéttributed the rise ih currént to an elec-
trécataiytic précess. Similar electroc5talysis was observed in the
e;ectrochemiééi reduction.of l—phenyl—l—héxyne (130). Again, the'cur—
'rent tr;hsient. was attriﬁ&fed to the generation of a more easily
redﬁcible materiai, Ifhus, curves B and C may represent two. possible
electrocétalytic steps or_poésiblé ECE-type mechanisms. |
'Furtﬁer investigafiohs,into the nature of thié Qnique:cprrent-

time behavior havé shéﬁn that curves A and B are separable'ffom éurve
C. This separabiiity waé demonstrated by preeiectrol?zing'the :
Fe(acab)3-§olution prior to‘addigg tﬂe-;—octyl b¥omide, Figq;é 15,.

Curves A and B are related to the glectrochemical activity of the iron
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salt while curve C involves the organic substrate. Tﬁe rapid rise in
current corresponding to the addition of l-octyl bromide £o the pre-
electrolyzed solution suggest the process responsible for this rapid
curfent surge is very faéile. This may reflect the direct reductidn of
the organic substrate or suggests the active form of the metal respon-
siblé for our intended organometallic reaction reacts very rapidly
leading -to an electrqactiye. organometallic comélex. This separability
6f curves allows for the examination of the components of the eleétrol—
yéis cell.

The current—tige beﬁavior may be dependent on the nature of the
inorganic salt used té provide the iron (III). Such a dependence is
easily tested by substifuting~anotherrferric salt for»Fe(acac)3; The
reduction of iron (III) bromide was performed under the same coﬁditions
that established the separability of the currenttransients. Figure
17 displa&s these results. Again, three curvés wefe obtained but this
time curve B is more intense.than before. A reasonable possibility for
these first twd_curves is the independenf reduction of Fe(III) -+ Fe(II)
followed by a subsequent reduction of Fe(II) = Fe(I or O). The metal
ion may not be free, i.e. solvated, in .solution therefore the current
trénsient as séen in curve B could show some dependence on the metal
salt used in the system if a chemical dissociation of the charged
ligands about the iron,(iI) center must precede further reduction of

iron (II) to iron (I or O0). This dissociation may be more facile for
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Cell Current versus Time Behavior for FeBr3. Conditions the same as in

Figure 16.

Figure 17.
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a monodentate ligand than a bidentate ligand which could be enhanced by
a greater increase in current for curve B when a ﬁonodentate ligand is
used.
An examiﬁation inté the reduction potentials of the solution
specieS:may'shed more light onto the proﬁlem. The repor;éd reduction

,of Fe(acac)3 in acetonitrile, CH

BCNf leads only to the iron (II) salt,

Fe(acac)z, when the potential was scanmned to -0.3V vs Cd(Hg) (131).

. At -0.9V, éhe working -electrode potential 'in the electrolyéis cell, the
reductioﬁ of Fe(II) to Fe (I or O) may be possible. Experimental ex-
amiﬁation of the'half—wave potential of Fe(aca¢)3'in_a polaroéraphicw
cell showed that the irqn (III) to iron (II) conversionuoccur;eq at

+0.18V. A second wave was observed as noted below.

DME: E1/2' V corrected to Cd(Hg) reference
Fe(acac)3 +0.18V
-1.29V
2+
Fe(DMF)6 -0.7v (132)
FeBr,  -~L.9v (132)

Al : EB,_V vs Gd(Hg) in a stirred solution
Fe(acaé)3 +0.1 to -0.2V

FeBr3 -0.2v
This wave had -a half-wave reduction pbtential at -1.29V. The electro-

phore responsible for.this,Wave was not identified. This wave,'however,
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is more.cathodic than the -0.9V working electrode potential so that
even if it corresponds to the re&uction of iron (II) to iron (I or o),
the reduction would npt dccur in the macro-elecfrolysis cell.

" The éffects the ligands attached to the metal center have on

.the réductioh'of the metal coﬁplex have been noged (133). These ef-
fects oh iron have been observed in the chemical tranéformgtions of
alkeh?l halides with Grignéra reagegts in the presence of vérioﬁs iron
(III).éalts (45) as well as the electrochemical reducibility of iomic
iron (132,134-137). A particularly lucid examination of the effects
of excess halide ion was performed by Ciana and Furlani (132) using .
iron (II) complexes. The half~wave potentiai of fefrous pérchlorate
in the presence of varying concentrations of haloquaternary salts were
1/2 s

studied in DMF. For octahedrally coordinated iron (II), the E
~0.7V which is anodic of the working electrode potential used ih_the'

. » .
electrolysis of bothFe(acac)3 and FeBr Therefore, Fe(DMF)z- is a

,pbésible eléctrophore fof thé system. Halide appears to shift the

3°

reduction potential of the iron (II) to more cathédic,potentials as the
tetréhedrally coérdinéted-iron-(II).complexes form making them cathod-
ically insulated from further.réduction at -0.9V. For the tetrahedral
complex,‘FeBrZ—, the ratio of Br to Fe(II) must be greater than 25:1
in order to insure'complete formation of this complex. In the elec-
tro;Ysis.reaction using Fe(acac)3, the fétio of Br_ to Eé(III) is 6.5

to 1, while in the FeBr

3 case, the ratio becomes 7:1. These latter
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ratios are based on the iron (III) content of the electrolysis solution;
" the ratio of Bff foAFe(II) will be significantly,largér during the ini-

tial stages of the reduction for both systems. As the electrolysis

continues, more iron (II) is generated which in turn reduces this ratio

éf Br to.Fe(II). The identi£y of the iron salt influences the heighf,
of £ﬁ§ curve by controlling the availablélconéentration of iron (II)
via a compiexation.feaétion with the Br present in the cell fromvthe
b;se électrolytg.as well as:throqgh the ténacity.bf a bidentate ligand
:over a mopodentafe ligaﬁa. .The time dé;ay betwéen curves A and B may
be ;ssqciated with the initial sqccessfui cﬁmpetition of tetrahedral
complexiné vefsus electron réduction.

.The 1ite;aturé has suggested that aluminuﬁ metal ‘sites, Al?, are
exposed on an aluminum electrode wheh sdfficiently cathodic potentials
are ieached (138). If sﬁch sites are available in the above systems,

a galvanic cell may be established betweeﬁ the aluminum metal and the

ferrous.ions or the feriic ions. The original surféce of the alu@inum
‘electrode is aluminum oxide, A1203, indicated in the‘following drawipg,
Figure lé, by a solid liné. The electron transfer across this éurface

may expose these aluminum metal sites to the solution. - The.electro-

- positive alﬁminum (0) may be more cathodic than the biased potential of

the working electrode and could successfully dispiaceuiron ions from

the solutién, forming the galvanic cell, and reducing the iron (II) and.

iron (III) to iron (I) or iron (0). If the oxidation and reduction
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Al,O4 //Al
surfocez’

Figure 18. Exploded View of Aluminum Working Electrode Illustrating
Possible Galvanic Cell Between Al (0) and Fe (ions).
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sites occur at different places on the working electrode, iron could be
reduced at one face of the ‘electrode and aluminum ions discharged at
the other face as demonstrated in Figure 18. Occasional pitting is ob-~
served on the reference side of the working electrode which is in
agreemeﬁt with this prediction. This system could be used to explain
the iﬁcrease in current sihce the reduction 6f iron (II) at A1203 to
irop (I or 0),w6uld not occur until the aluminum ﬁetaL sites are ex-
posed and of sufficient density to allow fof a monitorable increase in
the éurrent. The argument dealing with the loss of the ccordinated
ligand would still be usable, i.e., the equilibrium conceﬁtration of
iron (II) from a salt with a monodentate ligand wouid be greater “than
the concentration of iroﬁ (I1) from a salt with a bidentate ligand.

-These: arguments are immediatgly testable. Working electrodés
prepared from other materials besides aluminum should show no current
transients corresponding to curve.B if thé aluminum metal sites are
necessérylfqr the.redﬁctioﬁ. On the other hand, if a preequilibrium
stéé is requi?ed to establish a reduéible iroﬂ (II) concentration which
is only possible éhce the ratio of Br to iron- (II) reacbes a critical
value, the current transientv representing curve B should be present
no matter what electrode matérial is used. The aluminum working elec-
trode was replaced by a staiﬁless stee} Qérking electrode and thé only

curve'observed'duriné the reduction of Fe(acac)3 was curve A. This

is supportive of the aluminum metal site proposition. However, when a
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platinum foil working electrode was used, both curves A and B were
present during the reduction of Fe(acac)3. The platinum foil is
without éluminum metal sites, therefore this explana;ion was aban-
doned. .The absence of curve B during the.reduction of Fe(acac)3 at
the stéinless steel working'éleqtroae suégests that the preequili-
brium argumént.is also suspect.

Other metal salté were examined using the platinum foil working
electrode. The reduction oﬁ Cu(acac)2 and FeBr3.both generéteacurrent
transients. The reduction of Ni(acac)2 produced such small cu#rents
that no distinct curves were_observable. Copper and iron plated onto
the'platinum foil working electrode. This platiné was also noted ﬁo
occur for.the reduction of both Fe(acac)3 and FeBr3 when the aluminum
working electrode was used. The current-time behavior for the reduc-
tion of these metal ions may be associated with the change in the aver-
age character of the working electrode's surface. For both the plati-
num and the aluminum working electrodes, some of the surface of the
electrode will change from that of the original electrode material to
'that of the new plated material. Using iron as an example, the surface
activity of the iron increases from Zero inifia;ly to near pnity during
the plating process on either aluminum or platinum. The reference
electrode monitors the average electrode potential of the surface. The
surfacé is.undergoing a changé as the metél ion begins to.platé.f It is

possible to imagine that these local islands of the new metal deposit
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wi;l not contribute to.the average electrode botential uptil some
criticél sﬁrface coverage is reached. During.the interim, the poten-
tia; of this new sufface may be more cathodic than the:wérking elec~
trode potential.and hence ggnerate a current transient until the
average potential of the working electrode as seen by the reference
electrode is that of the ne& mgtai surface.. Figure 19 argues against
a rest potential of the newly plated iron surface as.being more
cathodic than the biased potential of ~0.90V for the electrolysis
‘cell. If an iron electrode was that effective at reducing the
Fe(acac)3 or the iron (III), one woulé expect that simply introducing
the iron electrode into a solution of Fe(ac_ac)3 would spontaneously
(galvanic cell) lead to an appreciabie current. Although a stainleQS‘
steel electrode has only about 70 to 75% iron, the stainless steel
electrode did not produce a galvanic reaction. Using the macroscopic
éleétrolysis cell'with a stainless steellworking electrode,  a potential
of —b,lV mast be-impqsed onto the working electrode before the -
reduction of Fe(écac)3 is observed.

The nature of curve B is associated with the plating process.
This curve is only observed in those cases where (1) the électrode
material and the metal ion are not identical and (2)whereplating was
observed. This platipg may cause the rise in current. The<3verp§ten—
tialjﬁof the discharge of hYdrogeﬂ from an aqueous solution at én

aluminum electrode is greater than the overpotential for the same
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Figure 19. Cell Current versus Working Electrode Potential for Fe(acac)_, at Aluminum, A,
and Stainless Steel, B, Electrodes in Macro-electrolysis Cell.
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process at copper, nickel, or iron electrodes, Table V, indicating that

different cathode materials can catalyze the same reaction differently

- (107). This overpotential phenomena may also be applicable for plating

an ion out of the solution onto a heterogeneous versus homogeneous suf-

face. The rate of heterogeneous election transfer across the solid

electrode-solution interface may be more facile with an eléctrode which

has an activity of the plating ion already on the surface compared to an
electrode which does not have this activity. Thus, the rate of elec-

tion transfer would be faster across an iron surface than across an

“Al‘o sqrface for the reduction of iron ions. If the electrons can be

273

ékchangéd faster, the current density increases, i.e., more current
flows. Although Table V shdwé that the overpotential for hydrogen
evolution is greater for the cdpper electréde‘or iron electrode than
for a platinum electrode, this is of course réaction and solwent de-
péndent. The rQies may reverse for’the reduction and plating of copper
or iron a£ a platinum cathode in DMF. |

if thg réduction potential for all the iron salts were the same
and the currents generated for these poteﬁtials wpuld be the same, the
rate of heterogeneous_elgctron transfer would be independent of the
salt used; This may be true for the initial redﬁction ofliron-(III)
to iron (II) which appears to have very nearly the same breéking pdten—

tial at the aluminum working electrode for Fe(acac)3 and FeBr .és well

3

as similar currents.
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Fe(acac) +0.1 to -0.2v.

FeBr, : -0.2V

bependencé on the nature of the salt may only arise when plating oc-

- curs. The higher current'f6r-monodentate ligands may reflect the ’
greater rééérvoir of iroh (II) available fof reduction than is eétab—
lished Witﬁ a bidentate ligand. Thus, the cuprent rise.would be
ascribablé to the. increased ease_of electron transfer across an inter-
face of Fe(0)/Fe(ion) thgn A;203[Fe(ion). The magnitude of the current

'rise wouid be associated with tﬁe availability of iron (Ii) in the
electrélyéié solﬁtion. Once thé rapid electron transfer begins £6
occur across this new:surface of plated metal, thé eleqtrophore is
cénsumea and a more classical decay in current énsues. As-thg‘iron

. (II) is reméved.from the solution and plated onto the working elec-

trode, the formation of the halo-tetrahedral complex can iﬁcrease

because the fatio of Br to Fe(II) increases and this may -insulate the
remaining reduced iron (II) from further reduction.

A change in electrode material can change the .nature of the
current—pime trace (139). The electrochemical reduction of alkyl
ésters of p-tolﬁene'sulfonié acid at a glassy carbon electrode gave
nd?mal cﬁrrent—£ime curves while the same reduction at a mercury’
cathqde géve a qﬁrrent .transient. Chahging the working electrode in

the iron (III) electrolysis from aluminum to stainless steel also
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.changed the current-time curve. The literature example attributed the
change in the cﬁfrent—time behavior to a double layer effect. The
change in the current-time behavior in the electrolysis of iron (III)
can be explained in terms of the model already suggested. Curve B
would not be present with stainless steel becaﬁse the surface aétivity
of iron is already established in the iron alloy. Iron plating onto
the stainless steel may modify-the surface of the stainless steel
working electrode, but the current density of the new iron surface
versus the old iron alloy surface WOgld not be distinguiéhable.' If
this argument has merit, élthougﬁ curve B would not observed during
the preelectrolysis of E“e(acac)3 with stain}ess steel working'eleé—
trodes, curve C should'appea# when l-octyl bromide is added. The
results of such an éxperiment aré presented in figure 20. The elec-
troaé area of tbe stainless‘steel e}ectrqdes were reduced to half £he
size of the aluminum electrodes in order to observe the current decéy.
Addition of 1-ootyl bromide to the preeleétrolyzed solution of
Fe(aicac)3 demonstrated that éurvé C was present, in agreement with the :
modél. ' .

The ﬁodel that has been extended to explain the nature of curve;
A and B éan be classified as an ECE-type mechanism with the following

steps:.
Fe (IID)L_ + le » Fe(IL ~ E




(mA)

Figure 20.
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Cell Current versus Time Behavior of Fe(acac)_. at a
Stainless Steel Working Electrode. Working efectrode
one-half normalsizeof aluminum electrode. Arrow indicates

the addition of l-C8H17Br. Eref = -0.90V vs Cd(Hg).
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Fe (II > )
e(IDL 7 Fe(IDLjy
SME ” }c
Fe(II)L& z :Fe(DMF)G
Fe(DMF)zz + 28" + Fe(0) E . :

Tbé chemical stéps proposed are simply offered to reflect various
: éqﬁiiibria Fhat may be broceeding to generate the sol&ateé iron ' (II)
'electrobhore. These may indicate mixed complexatioh.by.Bf— and acac—}
cémplete:&issociative steps to generate iron (I1) solva£ed, etc. They
A must pxeée@e the geheratién of thg solution eleétfodé,_Fe(DMF)z+. .
The'last ;tep gains credibility when noting the formétion 6f.iron
péntacarbonyl, an iron (0) complex, from the elgctrolysis of Fé(acac)3
‘ a£ a stainless s£ée1 cathdde'and an aluminum anode (140) and thé
fpb;erved élating iﬁ'the three-e;ectrode.electrolysis cells discussed

above. A discussion of the characteristics of curve C will be pre-

sented later in this dissertation.

Components of the Electrolysis Cell -

The components of an electrolysis.cell include the electrodési.
| “the base electrolyte, the organic substrateé, the metal salt, the sup-
porting ligand and the sleent. The solvent that has been selectéd'

_ifor.this work is N,N'-dimethylfofmamide, DMF. Since ﬁhe reference

eléctrodé was preparéd for this particular solvent, other solvents
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were not investigated. The overvoltage effects noted above, catalytic
.effects( adsqrp#ion of the substrate or components of the base electo-
lyte onto the -surface of the electrode, the naéure‘of impufities and
added components in the electrode material, the physical state and
) even.£hé_hiétory of the elecprode can influence the electrode process
(101). jMost of these effecfs are only monitorable through empirical
observation and thus require indepeﬁdent opfimization without much
reliagce on‘theoretiqal éonsideratigns. Each of the compénenfs §f the
electrolygié cell will be‘examined using the optimization_of tﬁe
cdupled product as a ﬁeaéure of the suécess of a.particular perturba-

tion.

Electrodés and Cell Design

Tﬁe electrolysis cell that was used throughout this work is an
'updiﬁided ¢ell. This selection Qas felt'appropriate since our inter-
eét was to (1) maintain thé convenience of a simple design Which could
be easily assembled and (2) eliminate the difficulties of.the.large iRi
drop.écrbss a salt bridge. Generally this létter problem decreased
the net current flowing through the system thereby increasing the
feacﬁion time; The 1argé iR drop across a salt Bridge also incr;ased
the required épplied potentiél which usually demanded moxre outéut from

the power éack thén was available. For most of the work presentéd in

this disserﬁation, aluminum electrodes were used for both the working.
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_electrode (cathode) and couhter electrode (anode) in this dndivided
cell. |

The choice of electrode material is critical'to the outcome of
the.reaction. The selection of aluminum was partly coincidental with
the ease of preparing the appropriate size electrodes and partly a
response to the demonstrated increase in coupling observed for benzyl -
radicals (158 141—143) generated at an aluminum cathode; The.general
effect of electrode material on the overall product distribution is
-adequately demonstrated in Table X (141,143)., The indicated products

" were prepared from the reduction of benzyl triethylammonium nitrate in

‘Table X. - Effect of Cathode Material on Reduction of (C H_CH )(C H )

NNO3 in DMF (141 143) 5
Cathode Material o Mols CGHSCH3 Mol% C6H5CHZCH2C6H5
Al . 55 ‘ 45
Mg . 64 . 36
Ta - " 76 ) ‘ 34
C- ’ 100 0
Hg 100 . , 0

‘Pt ‘ : 100 ’ 0

DMF, The coupled product, bibenzyl, arises from the benzyl radical,
C6HSCH2' while toluene is generated from a carbanion (141) The
effect of current density was also noted, but no clear indication of

its subtleties has yet been established (138,141). The first three

electrodes ‘would be expected to have oxide films on their surface
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which, ih'the case of aluminum, has been suggested to pfomote céupling
(138).

The purity of the electrode material is also important in gov-

. erning the course of the electrochemical reaction. Impurities in the

"electrode material modify the material's properties and hence influ-

ence the electrochemical response (101). Two aluminum alloys have

. been used as electrode material in this examination. One alloy was

used for all of the two-electrode constant applied potential work.

- This alloy'was'bf unknown composition. Another alloy, the 606176,

‘was used for nearly all of the three-electrode reactions. Tﬁe compo-

sition of this alloy is given in the experimental section. The three-
electrode gell‘was used to examine the effects of £he two aluminum
alloys on the nature of Fhe couplipg reaction of l-octyl bromide with
reduced Fe(acac)3. Table XI lists the results. Two poténtiostats
were used in this analysis. The modified Heathkit, ﬁHK, was noted to
be oscillatory about the control potential, the average reference

electrode potential used to control the system reported as Er The

ef’

solid state device built by  Dr. R. Geer, GP, was used for most of the

3-electrode work. For this device, E did not oscillate. In order

ref
to insure that oscillation about the control potential for the modi-
fied Heathkit did not influence the yields of recovered products, both

aluminum alloys were used at different control potenfials.




(a)

"Table XI. Three-electrode Cell Exgmination of the Aluminum Alloys

Reaction No NII106 'NII108 NII124 NII1l7  NIIi2l
Base Electrolyte TEAB TEAB TEAB TEAB TEAB
Working Electrode Al (unk) Al (unk) Al(unk) 606IT6(Al) 606IT6 (Al)
Counter Electrode Al (unk) Al (unk) Al(unk) 606IT6(Al) - 606IT6(AlL):
Eref’ Vv vs Cd(Hg) - =1.0 - =0.95 -0.86 ~0.95 ~-0.75
% C16H34 29.3 ) -16.8 28.6 12.8 25.1'
% C8H18 12.3 _ 23.? 30.7 15.6 29.0
% C8H16 3.9 5.6 14.0 - . 6.7 . . 15.5
- % reaction ~ 93.5 38.8 65.8 "34.9 75.0
I (md) 120 40. 180 50 410
max . .
Potentiostat mHK mHK mHK mHK mHK
Reaction No . NIIl4l 'NIT157
Base Electrolyte TEAB TEAB

Working Electrode 606IT6 (AL) 6061IT6 (Al)
Counter Electrode 606IT6(Al) 606IT6 (AL)

: -0.8 .~0.
Eref' V vs €4 (Hg) 0.80 ~0.90
% C16H34 24.4 30.8
%.C8H18 45.8 24.7
%'C8H16 1716 7.7
% reaction ] 76. 2 36.1
I (mA) ' 200 200
max ! . ‘

Potentiostat GP GP

NII139
TEAB
6061T6 (A1)
6061T6 (A1)
-0.80

21l.1

39.7
8.2

76.3
200
GP

(a) See text for explanation of terms

70T
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The results in Table XI do not indicate any pronounced depen-
dence on the aluminum alloy used for the electrodes. This iénparticu-
i laFl§ gratifying since most of the early work, a;thoﬁgh well scattered
‘in_yields, was done with the unknown alloy of aluminum. The distri-
"bution of praducts has not impro?ed with the greater control of the’
'working eleétrode potential. Although this observation is discourag-
ing, it refutes the a;gdments pased earlier that suggested the widely
changing product distributions were a result of changes in the cathodf
ic potential when the two-electrode constant applied potential cell'
was used. Finally, fluctuations in the coﬁtrol pdtgntial of the
three;electrbde cell éppear £o be ineffective in'disﬁurbing the:yields
éf éoupied products;. |

dther glectrode-material was also examined in the three- |
electrode cell. Table XII presents.the resulté of this examination.
The Vitreoué carbon electrodes were ineffective in converting sub-
strate to coupled and disproportionated products. A probable cause
for this lack of conversion resides with the low current obtained in
this cell. The electrodes wefe small diameter cylinderé with an
effective surface area of 7.1 mm2. The electrochemical rate constant,

B, is a function of several parameters as noted above. The ratio of

surface area of the vitreous carbon working electrode to the solution
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volume is very small compared with the normal sized aluminﬁﬁ elec-

trodes used in this study, 1.18x102 mmz/liter Versus.

4.66x10% mm?/liter.

A stainless steel alloy numbered 302 (SS302) appears to be more

effective infgenerating coupled product than is the aluminum alloy.

The composition of this stainless steel alloy is given in the experi-

mental section. The working electrode poténtial for the stainless

steel was selected to correspond to the ‘working electrode pofential of

the aluminum in the series using the aluminum alloy. The particﬁlar

- Table XIIT.

Three-Electrode Cell Examinat

Materials

ion of Other~Elect;ode

"Reaction No

Base Electrolyte

Working Electrode

Counter Electrode
H

E gr V Vs cd (Hg)

oe

C6t3g
03H18
Cefy 6
reaction

(mA)

H @ o P

max
Potentiostat
Comments

NIT104

TEAB
Vitreous Carbon
Vitreous Carbon

-0.90

Surface .area
too small

NIIi76D
TEAB
85302
58302
-0.90

39.2
20.5
11.7
98.7

200

GP
Preelectrolyzed
Fe(acac)3

. NIT180
TEAB
55302
SS302
-0.90

50.2
10.6
3.2
97.4
200

© GP
Preelectrolyzed
Fe(acac).,; 1/2

I T

the surface area :

" of NII176D




107
effectiveness of the stainless steel to generate coupled product is
appreciated when the surface areé available for the reduction at the
stainless steel working eleétrode was réduéed to hélf that used for
the aluminum electrodes, NII180. This is the first élue that £he
eleétrode surface itself may participate in the generation of prod—'
ucts. If a redgced.form of iron in the solution'was'responsible-for
coﬁpied product formation, there should be no dependence.on the
electrode's surface area as long as the reduction of either iron ions
or organometallic_can occur at a reasonable rate. The cqmparison
bet&een‘reactions NII1l76D and NIIiBO demonstrates that perhaps the
same scatter in yields of recovered products as noted to occur with
aluminum electrodes will odcur with stainless steel electrodes. In
both the reported stainless steel reactions, the Fe(acac)3 was pre-
electrolyzed and for both the current increased with the addition of
l-octyl bromide, Figure 20.

The generation of coupled product may be occurripg via the direct
reduction of organic substrate and thus be independent of the reduction
of iron. Although the half wave potential of l-octyl bromide waé ap-
proximately -1.5V at a dme which is more cathodic than thg working
electrode potential of —Q.9OV, the effects of the electrodé material
may be such that the overpotential for the direct reduction pf l-octyl
bromide at stainless steel or aluminum is shifted ‘anodically, ﬁgllihg

within the domain of the electrolysis. Several methods of
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examination were attempted.in order to address this problem. A
stirred solution of the l-octyl bromide in the Ehree—electrode elec~
tro;ysis cell‘containing everything éxcept Fe(acac)3 was used to |
géhefaté £he appropriaté'curxent-working electrodé potential curve for
the two metal alloys. The breaking potential for the direct reduction
of l-octyl bromide is given in Table XIII. Although an anodic shift
in the breaking potential was observed on changing the electrode
material from -aluminum to.stainless steel, this shift should no£ bg

sufficient to allow the direct reduction of l-octyl bromide-sinde the

Table XIII. Macroelectrolysis Cell Breaking Potentials for -

1=Cgfy7PF
Metal Working Electrode i _ B 'EB, V vs Cd(Hg)x
- 606IT6 (Al) | . - -1.8
$S302 : - -1.6

Qorking electrode potential in both macroscopic cells is ;O.9OV., Thé
'counter electrode for b6£h workiﬁg electrodes-was the 606IT6 alloy of
alumi nvm.

- Tﬁese current potential scans represent a short-term electrol-‘
' ysis. The long-term electrolysis in the three—eleétrode cell at
-0.90V may lead to some geﬁeration of products originating from the

direct reduction of l—octyl_brbmide since the reduction of thismalkyl
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halide is an irreversiblg process'(§8). Exploring this possibility,
the eléctrolysié cell was'érepared With.éll of -the components except
Fe(agac)3. A'sexies of these blank‘regctions are reported'in Table
_XIV. The aluminum alloy of uﬂknown composition gave no products aftef
48‘hours of electfolysis'at -0.9V. T;aées of octane and l—ociene were
observed after 48 hours. of electrolysis at *270V but no.coupled prod-
uct was observed. If the direct reduction of l~octyl bromide'leads to
the éeﬂeration of coupled products, product formation should have been
observed in reaction NII126C.

The ﬁlank determihafiéns'with stainless steel electrddes were
mo?é interesting. The s£ainless steel counter electrodé is cépéble of
" . discharging iron ions into solution. Of course, thi; discharge‘repre—
sents half.of the net cell reaction and will only océur if the current
can flow throﬁgh the cell. Reaction NIIi?Q-indicates'sufficient cur-
rent can flow to dischafge irén-ions into the electrolysis solution.
Theée_ions are then reducible at the working electrode. The current-
time beha&ior for reaction NII178 is shown in Figure 21. As the iron
ions are feduced, mo?e will be discharged and the-current will begin
.to“rise. This afgument is pleasing, but it is incorrect *in that it
attempts to attribute the‘currénp increase to the redqction:of iron
(ITI) alone. The two half reqctions for i;on dischargé and iron .

plating are:




. Table XIV. Blank Reactions with the Threeé-Electrode Cell

Reaction No

Bése Electrolyte
Working Electrode
Counter Electrodé

Eref V vs Cd(Hg)

. % C _H

“16734

% Cgihg

* Cgfie
% reaction

Imax (ma)

Potentiostat

Comments

NII126A
TEAB

Al (unk)

Al (unk)
-1.0

none
none
none

none

1l

mHK

48 hours of

electrolysis

.NIIlZGC
“TEAB
Al (unk)
'Ai(unk)

-2.0

none

- 0.7 ﬁmoles

0.2 momole
4
mHK
48 hours of -

electrolysis

NII178
- TEABR
Ss302
55302
-0.90

15.1
26.7
10.7°

100%
200

GP

- NII181  NIT182A NII182B

‘TEAB TEAB . TEAB
SS302  Pt-foil  606IT6 (Al)
606IT6(Al) 606IT6(Al) SS302

=0.90 -0.90 -0 .90
" 0.1 mmole none none
0.7 mmole noﬁe - none
0.3 mmole none none
- none none

4 1 1

GP : GP GP

01T

™17
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" "Figure 21. Cell Current versus Time Behavior for Blank Reaction NII178. E

Cd (Hg). Stainless steel electrodes with'l-C8H17Br.
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Fe(III) + 3¢ —+ Fe(0) - working electrode

Fe(0) - Fe(III) + 3e counter electrode

No net reaction

‘"There is no ne£ reaction for iron reduction and iron plating, therefore
there should.be no current increase, but rather a flat, constant
steady-state current. If current is initially flowing in the cellh
the current mus; represent an electron transfer process occurriné at
the ﬁorkiné elegtrodea' The'initial half reactions for £his system

are:

Ox + ne —+ Red - n=72 " working electrode
Fe(0) - Fe(+m) + me m=2or 3 counter electrode
followed by

(o]

Fe(+m) + me > Fe working electrode

The -initial current may reflect the reduction of a solution contami-
nant or an organometallic formed at the stainless steel wprking elec-
trode between. surface iron (or niékel or chromium of the alloy) anq 1-
oétyl‘bromidé which is itself reducible. As the reduction of this
substraté occurs, some iron ions will be discharged inté the solution.
These ions are then reducible. Should the inifial:reduétioh corre-
spond to the reduction of a solution containment, its concentration
would be anticipated to be small. Once the complete electrolysis of

this contaminant occurs, the current should level off for now the net
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reaction again‘éorresponds to the steady-state transfer of iron from
the counter electrode to the working electrode. The current—time
behgviér illustrated in Figure 21 is noted to maximize at 2@0 mA, the
limiting value for Geer's potentiostat. This sizable increase in
current from near zero to 200 mA suggests, of course, that ;he solu-
tion component responsible for this increase in current has a respec-

table concentration. The electrophore available in reasonable concen-

trations is l-octyl bromide. The breaking potential for its reduction -

is -1.6 V at stainless steel. If it is to contribute to the cell
cu¥rent, the ?edﬁction at =0.9V must be facilei If the reduction is
‘facile, the current should have started at somé high valqe.and
.droppéd. This is not demonstrated in Figure 21. Two explanaﬁiong-ére
advanceable. .One, the stainless steel electrode is passive and the
"observed current rise feéresents the direct reductionlof l-octyl
bromide'és the stainless steel is rendered active. As, this process
occurs, -iron ions aré discharged.from the counter electrode and‘con-
‘tribufe to the total current:. A second alternative is that some
organometallic of iron is formed initially with the surface of the
stainless steel Working electrode which is easily reduced. The or-
. ganometallic is electrode active and reduced at -0.9v, gene¥ating
products. During this process, iron ions are discharged from the
counter electrode which are, in turn, reduced at the working elec-

trode. The reduced form of iron may be in solution or on the surface.
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"l-octyl bromide reacts with this reduced form of iron and forms more
réducibie ofganometallic. Two reducible species ére available, both
fgducible af or below.—O.9V, therefore the current increases. The
prqceSs bécomes auéoqataly;ic (electrocatalytic (130)). This process
would continue until all the l;odtyl bromide is consumed éfter which
time the large stéady—state current represents oniy the transfer of
iron from fhe anode to the cathode. Iron (0) would be expected to
plate onto the working eléctrode at this juncture in or@er to maintain
solution cﬁérge neut;ality.' This proposed process again suggests the
péssible intermediacy of a sﬁrface.speciés,

Té eliminaté the disqharge of iron into the electrolysis cell
. solutiqﬁ from the'stainless steel counter elect;ode, this eléctrode
was réélaced with an aluminum elec#rode, reaction NII18l. Traces of
the thrée products were observed, ﬁhe yields being’respectably smaller

than those for the two stainless steel electrodes. That some products

formed af this potential may also suggest the intermediacy of iron or-

ganometallics{.but the éroduction is'ﬁqt particularly facile. The
éctivation of an initially passive electrode seems less con&incing an
argument for reaction NII178 since the activational process would
presumably'occur in both'ieaction.NIIl78 ané NII181. Howevef, one'gan
argﬁe that the reduction of iroﬁ'ions and hence cur;ent passage actoss

- the working electrodes surface is required for activating the system.
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That some products are, formed suggests that the electrode is activated
for reduction.

Tq'eliminate the possible contribution the stainlegé stéél work-—
'»ihé eléctrode'mgy have had ig genefating products in thése‘blank reéc—
tioﬁé, a p1étinﬁmhfoil working electrode was ﬁsed in.plAEe of ﬁhe
stéinlgss steel. As.indicatéd in Table XIV, no products were formed
fér'reacfion NIT182A. The prdducts formed in reactions NII126C and
NiIl81 wére hpt formed from the anodically discharged aluminum‘ions or
a;uminum'alloy components since they should have influenced reacfion
NII182A. The products formed in reaction ﬁIIl81 are sﬁspiciously
é;sociated with- the presence of a stainless steel workKing elecfroae.

',Finaliy, switching the working and counter electrodes in ;éac—
#ions NI;lSl so that the aluminum alloy is the working electrode and
the stainless steel aIloyhis.the counter electrode produced no prod-
ucts. Cer£ainiy this is ip harmony with the discourse conce?ﬁing tﬁe
discharge and reduction of iron ions. Without‘current flowing in the
cell, the ifon ions cannot be discharged from the counter electrode}.
therefore these ions are not available for reduction at the wérking
e;eﬁtréde. Thus, the current remains constant at a very low vaiue.
if the reduction suspected of occurr;ng at the stainl;ss syeel elec-
trode in réaction NII178 is due to a solution contaminant, this re-
duction should also occur at the aluminum workiﬁg electrode in reac-

tion NII182B and the current should have increased. Sinqe'thé current




dond,

ik

116

didipdt’igcrease, ana assumiﬁg that the containments inAthe two elec-
trqusié cells are identical; tﬁe Proposition that orgaﬁometailicé §f
iron are.responsible féi.thé current-time behavior in réaction'NIIl78,
. Figure 21, géins éupportrl r e

The effgct tﬁét.Fe(acac)3 has on.thé.electrblysis cells using
‘mixed-électfodes is adeqﬁately demonstratéd in Table kv whicﬁ also
_reports the two blang reactions with identicél mi#ed electrode éom—
'-binations. The reduction of‘Fe(acac_)3 is éritical,fof.the 6ve£ai1"
) convergibn.of l-octyl bromide to proauctg.

- The effects of the electrode material on the generation of
coupled product have beeﬁ explored from ;ﬁe viewpoint of chanées in
the working electrode material. Overall, the effect of tﬁé wofking
eleétrode material is seen to increase thé production of dimer on
going ffom an aluminum alloy to the stainless steel alloy. Howevér,
the current-time behavior for the reduction'of Fe(acai:)3 and the’
conversion of l-octyl bromide to product is sacrificed when stainless
'stgel is used for the working electrode since curve B-is not preseht.
. The diagnéstic:value of this curve with an aluminum working
electrode resﬁlts in cbnsiderable time savings. When curve B is
présenp,,;he eiecfrolysisvcell will generate produéts; When curve B
is not present, no produgts are formed. In most réaéti&ns, curve B
appears wiéhin the first eight houfs of the electrolysis. Thus, only

- a maximum of eight hours are spent when using the three-electrode cell
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' Table XV. Reduction of Ee(acac)3 at Mixed Electrodes'with

Three-Electrode Cell

Reaction No. NII182B
Reaction Type Blankf
Base Electrolyte TEAB
Working Flectrode 606IT6 (A1)
' Counter Electrode SS302
Eref'_v vs Cd(Hg)‘ -0.90
% Cl6'H34 none
A
% CSHlB none
% C8Hl6 ‘none
% reactién : -
I (mA) 1
max
Potentiostat GP

NII143
Fe(acac)3
TEAB
606IT6 (A1)
58302

-0.90
16.5
30.6
12.1

100

200

@GP -

‘0.7

NII181
Blank
TEAB
$S302

6061&6‘Ai)

~0.90
mmole
mmole

mmole

-GP

NIIl73
Fe(acac?3
TEAB-

85302

- 6061T6 (AL)

~0.90
19.1
30.1
I7T;q
100
150

‘'mHK
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and aluminum electrodes. Without thi$ diagnostic .tool, the usual 24
‘hours of electrolysis are consumed plus additional time required to

"work up the reaction in order to establish the isolated yields.

" Therefore, to maintain a continuity of approach from the two-electrode

'coﬁétahtiapplied potentiél cell to the threé—glectrode‘cell, to main-‘
tain‘thé ease of Preparing an aluminum electrode versus'a'étainleSS‘
steel electrode, and to continue the advantageous use of the appear-
énce'ofvcurve B, aluminum remained the wsfkiﬁg eleétrodé'thrdughout

the optimization proéedureﬂ

The effect the counter electrode has on the nature of this reac-

tion is important to consider. The electrolysis cell is’an undivided .

cell; therefore several systems can be envisioned as occurring within
_the eléctrolysis éémpartment. The reduced solution species generated
'a;fthe working‘electrode may migrate to fhe counter electrode and be
oxidized. ‘Tﬂis.system is quite unlikely for in all cases that used an
alumiﬁhm.éounter.electrdde,‘the cell current fell with tiﬁé; Ihis-re;
duction in cell current would not be eﬁpected.for such a"reductioﬁQ
oxidation seduence, bqt rather a copstént-curfeht situati6n~much 1ike
that‘with iron ions and ‘a sﬁainless steel counter electrodé is ex~

pected until all. the l-octyl bromide is consumed. Alterna@ively, the

discharge of ions from the sacrificial counter electrode can influence

the nature of the reaction as seen with the stainless steel counter

electrode in réaction.NIIl78 of Table XIV. Finally, the oxidation
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product fo£med at a nonsacrificial counter electrode may attack either
- the working electrode via a chemical or'electroghemical process or
aftack the organié substrate and/or products.

Aiuminum anodes havé béen noted to assist in the'generation of
bolyme;ic material th?qugh the release of aluminum ions into a solu-
tion containing ‘organic substrate (144,145). It is worth? té note
tha£ in the presence of transition metals, the identify of the product
varied (145). The effect of added aluminum ions in certain chemical
trapgfbrmations has also been described. The compound, Alcl3, is

Al cathode

>=< . > polyethylene + branded chain polymers
Cr, Ti, V, Al anode ' . -

suggésted to be a cocatalyét in the preparation of cyclic ketones by
coordinéting with a tricarbonyl i;on complex through the éarbonyl 6xy-
gen (146). Although cl™ is not.present in the electrolysis cell used

' in:this study, the cell.does contain ;he bromide ion which may ;cavenge
 the d;scharged Al (III) from the counter electrode and form a potential
cocatélyst in the electro;ysis solution. The bromide‘ion'is not well
solvated in'DMf (96) , therefore its ability to participate in com-
plexing.the diécharged Al(III) or cathodically formed Fe (II) ié'reason—’
able. Alumihuh (III) has been observed to compleg-directly with

Fe (II) when the former was the bromide salt, (Me2NA1Bf2)2 (147). Such
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Me2
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Me‘2

complexation may alter the reactivity of the ifon in the electrélysis.
cell toward reactions with i—octyl bromide, ‘i.e., thé Al (III) may
funcﬁion’as a cocatalyét; Alkyl aluminum'séecieésﬁay form which have
been deménstrated to be particulatlf effective éocataifsts in the
condensation of two olefins.using an Fe(acac)3 catalyst (148), a
system reminiscent of the oligomerization catalysts of the Ziegler

type kl49,15Q). 'The"reactién of the alkyl aluminum species,

Fe(écaq)_, Al(at)zci‘ ‘ N\

?hZPCHZCHZPth

80°cC

MeéAlOEt} with Fe(acad)3 lead directly'to a dialkyl iron species whi?h
generated a 2.5 to.l ratio of ethane to metﬁane (151,152). This is of
- pérticular'interest in the electrolysis cells used in‘this study singe
élkyl aluminum c9mpoundé‘wefe reported to form in the sgstém using two

aluminum electrodes (145). The aluminuﬁ_(III) generated from Ehe‘
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discharge’ reaction of the aluminum counter electrode has been sﬁg—

'gestea to be activated for further reaction by com?lexatiqn with DMF

(66). A 1l:1 adduct of AlCl3 to DMF was reported to form a Very.strong

.adduct vi; coordination through the carbonyl oxygen of the DMF, Which

subsequently attacks an organometallic complex to ultimately yield an

aldehyde. This is peculiar in that A1Cl_ is reported to react with

3
DMF presumab;y leading to decoﬁposition products (153). Thus, alumi-
num'ions, discharged from the counter electrode, may'be influehtial:in ’
prdduct fprhétion in the electrolysis cell.
A separa;ea elec£ro;ysi; cell is best suited to test the impor;
tanqé of the aluminum counter electrode in the éene;ati§n of products
as Well as the-importaﬁce of oxidizing any organometallic compéupds
forméd'at the working electrode. Such a cell was prepared using a
meth&l cellulose bridge. Both'compartﬁents were identical égcept that
Fe(acac)3 was only present in the cathode.compartmeqt.‘ The cell was
operated using a constant applied potential‘of'l.sv. .Traces of octane,
1-octéne, and n-hexadecane were found in the cathode compartment. while
the anéde.compartment 5p§eared to have no products formed. Attempfs
at reproducing tﬁe separated cell reaction using a three-electrode
design and modified salt bridgeS'génerally failed because of the low

current available.

The separated cell was not particularly helpful in evaluating

. the effect of the aluminum as either an anode or as a classical reageht
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‘in the_so;vent, ‘The next prdcedure was to substitute another electrode
material for the éluﬁinum counter electrode. The results have already
been prééénted in Table XV. The blanks establish that no reaction
occ;rs when Fe(acac)3-is not present. Switching the aluminum anq
étéinless steel electrodes indicates that the discharged aluminum ions
are not participating as a cocatal&st in the generation of product
since the prodﬁct distributions are nearly identical for feéctions
NIT143 and NII173.

Finally, the three major proaucts generated in this reaction are
octane,'l—bctene, and hexadecane. If the DMF-aluminum eomplex provided
a facile roufe for the generation of aldehydes, this product should
"have béeﬁ identified,during.the reaction work up as oné of the major

products., Not all of the carbon from the organic substrate is recover-

able, therefore the possibility of forming some aldehyde ‘is reasohable,'

but the copcehtfatién-is not very large. In partiéular, if this
aluminum reagent is present in the electrolysis solution,  the yields

' bf octane, octene, and hexadecane should be less when an aluminum coun-
ter eleqtrqde is uséd than when a stainless steel counter electrode

is used.assuming,'of course;:that thé.overall reaction for both.systems
is identical: Reaction NIii73 used on aluminum couﬁter eleEtrode and

" the &ields of products'incre;sed rather- than decreased over those
génerated using a stainless steel counter electrode. The effect of

the dischatged'aluminum ions from an aluminum counter electrode is
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inconsequential to the.overeil conversion of dct§l bromide to' coupled
. productf;

. The froblem of other electrochemical oxidations occurring at»the
anode must also be coneide;ed; . For the two electrode systems presented
so far, both use sacrifidial.coueterielectrodes, that-is,'both dis~
charge mefal ions into the electtolysis solution. A noble metal such
as pletinuﬁ, Pt, cennot perform the same as the alupinum or stainless
steei-eounter electrodes. If-the oxidation of a solution'organoﬁetal—
lic electrophore is important in product formaﬁion,*this oxidation
should proceed at all the counter electiicodes° However; if the dis-

- charge of the metal ion of the counter-electrode is the important
attribute-of this electrode, the reaction using Pt should proceed
differently than those.usiﬁg-eluminum or stainless steel. The results
of this investigation are presented in Table XVI.

.The exidation potential for the couple Br-"/Bf2 is reported to be
+0.65V vs SCE which, in terme:of ;he Cd(Hg) reference.electrode_is
-0.05v, at a plaﬁinum anode in DMF (154). This poﬁential.corresponds

to the potentlal at the quarter wave, E The overpotential for_

1/4°
this reaction at alumlnum and stainless steel electrodes is dlrectly

observed in the macroscopic scans of the current versus working elecf
trode potential curves for the three-electrode electrolysis cell. No

- current is observed to follow from approximately +0. 25V Vs Cd(Hg) to

-0.10V vs Cd(Hg) when tetraethylammonium bromide, TEAB, and Fe(acac)

]




Table XVI. Platinum Counter Electrodes in Three-Electrode Cell

_ Reaction No. . NIT151 _ NII153A . NII153B NII129
Base Electrolyte " TEAB " TEAB - TEAB " TEAB
Working Electrode $S302 $5302 : 55302 " ss302
Counter Electrode Pt Pt . ‘ . Pt. $S5302
E _gr V VS Cd(HY) -0.11 -0.13 .. -l.50 ~0.1

C16H34 6.1 ‘ ‘none 18.3 none

%LCBHl8 ' . 30.5 - none - o 38.7 none

-%fCBHlG - trace none : 4.2 none

% reaction . 30 none - © 85.5 none
. 200 '

E: (mA) _ 2 .. 220 194
Potentiostat o GP B GP mik
Comments - At end of reaction no Fe(acac) Back of cathodé

EW-= +0.1V pitted, plated on

front; EW = +0.55V

¥t
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' are;presenf:;n the‘sol;tiqn with either aluminum or sStainless steel
working elgctrodes; If Br was being oxidized at the same potential
for'tﬂe alumihum and stainless steel electrodes as isfobsér§edxat
?1atinuﬁ, a sizable‘qufrent should have been observed bgtween +0.25
and —O;lV.‘ With a plétinum:counter electrode, the éossibility of Br
"'oxidation is reasonable. * - .
The platinum counter electrode used in reactions NIT151, 153A
-and 153B was a platinum spiral of 18~gauge wire.. Figure.22 deménf‘
.gt;ates the alignment of the stainless steel Qorking elgctrode.and the
platinum counter electrode. This particular configuration generated a
_hot spot on the stainless steel working electrode. This hot spot had
ﬁhe dimensiéns of the platinum épiral, 4 mm x 15 mm. At'thié hot spot
A plating occurred as evidenced by a deposit of @aterial in reaction
NII151. This site must be more cathodic than the rest 6f the sﬁrfa&e
-of the working electrode. Since maximum current was flowing through
fhé cell, 200 mA, the current carriers were Fe(acaq)3, l-octyl bromide,
and Br_; That the'generétioh of this hot spot produced a surface £hat
was more céthpdic than the —O.lﬁ control potential is demonstrated by
comparing the results for,reacfion NII151 and réaction NII129 in which
two stainless steél eiectrodes were used with a control potential of
-O.i&. . No'products' were formed in thig latter case.
_The generation of-pgoducts in reaction NII151 is not due?£o the

I

direct reduction of l-octyl bromide. Assembling an identical
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eiectrolysis cell as used in reaction NIilSl but eliminating the
Eé(agac)3 and rﬁnningftye,electroLyéis with a cpntrqi potemtial of
—0.13?; reaction;NIIISéA, no products were generated; ‘Maximum current
. in ‘this cgll wéé onlyjzlmA therefore the lack of-proaucts may.be
'argued.to reflect.the,;ack of electrochemical actioﬁ. The hot spot
may only form at high currgnt leveis.

The solution fo; reaction NIT153A was water clear. ?he control
potential was increésed to -1.5V.  While the working électrode climbed”
.té this value, the stirring,of.the electrolysis. solution was momen-
tafily halted. The séluiion around the platinuﬁ spipgi.was yellowing.
.Eubbles formed on both-sides of the stainless steel cgupter'électrode.
The reaction proceeded' for 24 hours but the working electrode ﬁoten—

- tiallnever remained‘at -1.5V. The system was unaer cufrent control
with the working electrode éotential, EW’ at +0.55vV vs Cd(Hg). 'After
24 hours the electrodes were removed from the eléctrblyéis solution.
The céthode‘was consumed on the backside (the referénce electrode
.side) and plated on the front side. The plating on the front side was
ifregular with high ridges of maéerial. The plated material appeared
blue in the valleys and cépber on the ridges. The hot spot was agéin'
present,‘but this time the area was clear. The platinum counter
eleptrode appeared to be yellow. The.reéction that occurred iﬁ fhe
initially mefal.ion free solution must have been able to generate

‘metal ions via a chemical attack on the working electrode. The average
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potentiél for the backsidg'of the working electrode méasured by the
.reference electrode would be different than the froﬁt side which'faced
the_thin spiralled cqunter éiectrode that created the hot spét? The
'physiéai abpearance of_the working electrode attests to this. Since
oxidatign qﬁ Br can odcux at a platinum electrode well_within the
pq;entials affained in fhis system, the oxidant thgt.is suggestea to
.attdck the cathodg in‘Bré_. The yellowing of the solution around the
:biatinﬁm counter electrode would also support this inteipretation.
Thi; 6xidaﬁt'generated'at the pla;inum counter electrode could attack
and sqlubilize the working electrode. Plating would occur on the fore
cathodic front face of fhe working'electrode while chemical attack
proceeded on the back side. Either the plated surface or‘a sbiution
species would be respon;ible for the formation of product. The direct
'reauction of 1l-octyl bromide is suggested to also occur and is respon-
sible fér the observed evolution of gas about the stainless steel
working electrode. The bubbles are suggested to be eth&leng formed
from the Hoffman elimination reaction involving the cérbanion gener-
atéd by the direct reduction of l-octyl bromide, R;.

(+)

R_ + CH.CHN (CH,CH;) ; + RgH + CH,CH

+
g ) 8 2 (CH,CH,) 5N

2 3 3

. The dissolution of the working electrode in reaction NII153B is
further supported with uv-vis spectral data. Comparison of spectral

scans for electrolysis cells hosting two stainless steel electrodes
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with épectral scans for aliquots of solution removed from the elec-
trolysis cell of reaction NII153B démonstraté the prg;énce of the same
Hchrpmophbres.- Thé former cell discharges material from‘the stainless
éFeél counter electrode therefore—the stainless steel'workiné elec-
trddeléf reaction NII153B:must have done the same.

.The use of sacrificial.counter electrodes precludes the compléx-
ation agsociated with Br oxidation. The function of the counter
electrode in this electrolysis reactio.n is simply to circumvent the
‘néxious reaction of Br oxidation by discharging métal,ions intp the
e;eetfol&sis solution. The stainless steel electrode:provides iron
ions fot'further reduction. The aluminum electrode discharges alumi-

num ions which are passive to chemical or electrochemical processes.

"Electrode History

An oxide coating on aluminum is present no matter what grade of
aluminum or pretreatment of aluminum is used (138). The axide'cdating
on aluminum insulates it.to current passage and also prohibitg its
ready dissolution-as an énode sipée aluminum (III)_cannot:migia;g
through th%s oxide film (107). Protoms, hdwéver, can-ﬁigréte ;ﬁrpugh

this oxide film, therefore the aluminum can function as a cathodé.

Cl7, Br , and NO,

can also penetrate ﬁhis‘surfacé oxide allowing the
aluminum to function as an anode in solutions containing these ions

(107).
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* The history of the electrode has been suggested to have an
effec; on the nature of the electrolysis ?eaction (101) and, given the
'gﬁaracgefistics of the.éluminum surface, may be expected té be im-
porfanf.for éluminum electrodes. .Such effects should be demonstrable
By observigé the current-time behavior for'the reduction éf the inq?—.
" ganic ioh._ Curve B is a diagnostic tool for’monitoring the perfor—
mance oflﬁhe cell and hence is ideal for examining the effects of the
wo;king eiectrode's history. Secondly, chénges in the breaking.poten—
tial of the current versus working electrode potential curves would be
éxpected'to demonstrate the effects of the working electrode's history.
This'lattefﬂdemonsérates changes in the‘elect;on traﬁsfer précesses
that generate the reducéd solution ion while the former system might
pro;iae information concerning the effectiveness of plating. Figure
23 érésents four‘curves for the curfent versus working électrode scans
in the macroscopic electrolysis cell containing Fe(acac)3 without 1-
oétyl bromide being present. A cansiderable shift in the breaking
potential is observed. All the aluminum électrodes will have an oxide
‘iayer on them even after thé acid pretreatment. The harsh surface
treatment using steel wool as an abrasive followed by acid cleaning
may.increase the surface area‘of the- aluminum electrode over that of a
simple acid washed electrode, cuives I and 1V, which results in an’
‘increase in current for the electrode with the greater.surface aréa.

The breaking potential is also a function of the surface -
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Figure 23. Cell Current versus Working Electrode Potential for Different Aluminum

Pretreatments.
Treatment EB, V vs Cd (Hg)
(I) Al, steel wool, pH 0.5 +0o1
(IT) I exposed to air for -0.2
2-3/4 hours
(IITI) Stainless steel -0.05

(IV) Al, pH 0.5 E02
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chafacteristiqs. Aluminum oxide was noted to be an insulating film
with limited penetrability. As an oxide layer is formed over the
éluminqm surface, a greater (ﬁore cathodic) pbtential woﬁld be re-
quired to get electrons‘fa transfer acrosé this surface oxide. Thié
is #icelf demonstrated with curves I.and IT. The electrodes uséd té
génera£e curve I were exposed to the air after being thoroughly dried.
Expésure time was 2-3/4 hburs.. During this time the surface of the
alﬁﬁinum is expectéd té.be oxidized. Returning this oxidized elec-
trode to the electrolysis eeli, the breaking potentiallfor the reduc-
tion of Fé(acac)3 is offset by 300 mv, from +0.1V or%éinally to -0.2V.
This overpotential reflects the difficuity,of passing an electron
© across an insulting layer. This histofy of the aluminum electrode is
_ important in pfodﬁcing reproducible curves.

Curve III of Figure 23 is that for reducing Fe(acac)3 with a
stainless steel working‘electrode. This curve is not ad&ersely af- "~
fected by the previous history of the stainless steel electréde since
working electrodes pretreated with acid and with no pretreétmént a;
all .gave pearly indistinguishable curves.

The second phase of the examination was to observe the current-

.time behavior for aluminum electrodes during the reduction of Fe(acac)3
as a function of pretreatment. Figure 24 demonstrates the current-
time behavior for the reduction of Fe(acac)3 at yarious pretreated

aluminum working electrodes. Both the magnitude and the duration of
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Figure 24. Cell Current versus Time Behavior for Reduction of
Fe (acac) . at Various Pretreated Aluminum Working
Electrodés. E = -0.9V vs Cd(Hg). (I) no pretreatment;
(I1) 0.03N HC1™®Ffor 15 min.; (III) 0.3N HCL for 15 min.;
(IV) 3N HCl for 15 min.
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tﬁe current reflect the‘gffectiveness of acid washing. The_ﬁntfeated
working aluminum electrode required initial actiQation before elec-
tropg crosséd.the solia/soiution interface. No curve B was observed.
Evén a mild acid pretreatmént improved the situation. Again, an ap-
ba?ent activational process occurred before the cur¥ent reached its
inifial peak. Curve B also appeared suggesting that the second elec-
tron trangfer'could occur to form enough platedAiroh so that a current
increase was ‘observable. Curve 3 represents the stahdard pretréatment
procedureé used throughoﬁt most of this work on the three-electrode
systeﬁ; AThe 3N HCl pretreatment provided a sufficienf amount of work—:
ing électrode area tQ maintain a high current. Curve B may be parti—'
ally concealed beneath this high sustaihed current appearing as a
shoulder in this figure. The history of the eiectrode affects the’
solution reduction of iron (III) ;o iron (II) and the plating process

as evidenced by curve B. .

Base Electrolyte

-y

The effects a base electrolyte has on-the solveﬁt medium,ﬁéye'wﬂ
been classified by SaWyer and Roberts intb the following cétegéfies
.(96): . |

(ai It regulates the cell resistaqce:aﬁd mass tfénsport by

electrical migration.
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(b) It may control or "buffer" the level of hydrogeﬁ ion activ—
ity in solution.

_(cs ;t may associéte with the electroactive éolute such,a§
Icompiexing with the metal iénvbefore or after electron
transfer.

S (4) It may form.ioﬁ—pairs or micellar aggregéfes with the
electfoactive species.

(e) It determines the structure of the doubleliayer.

(f) It may impose positive or negative potential limits on the
- system due to its own redox properfies.

:Eéqh of these categories are discussed by Sawyer and ﬁoberts and will
not be elaborated on here. The iR effect, specific adsorption, and
a;sociation'phenomena are of interes£ for this report.”

Fér'most organic solveﬁts, gquaternary ammonium salts are used to
reduce the high incipient resistance of the orgaﬁic solvent. . This re-
duction of the internal #esistance is improved with reaéonably high
céhcentrations of the base electrolyte. Téble XVII gives the solubilT
ity of various guaternary sglts in DMF as‘weli as the specific resis=
tance qf the solvent. for .a particular concent¥ation., The choice of
conditions for an electrolysis cell is to reduce tﬁe internal resis-
tance of fhe solvent as much as possible. Tetraethylammonium bromide,
TEAB, was used as the base electrolyte for all the preparative elec~

trolysis cells ex¢ept‘whefe otherwise indi¢ated. To increase the
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anodic potentials available for oxidation scans with the polarographic
cell, the perchlorate salt was used in place of the more readily oxi-

dized bromide (143).

Table XVII. Solubility and Specific Resistances for R,NX salts in

DME (96) 4
: Solubility Specific Resistance
R NX g/100 ml of £ cm

4 ; .

: soln (concn, F) (concn, F)
Et,NC1O,,  23(1.00) . 52 (0.60)
n-Bu,NC10, 79(2.29) ' 77 (0.60)
Et4NBF4 27 (1.24) 38(1.0)
n-Bu,NBF,  75(2.34) 69 (1.0)
Et ,NBr ' 4.1(0.19) -
n-Bu, NBr 52(1.57) 106 (0.60)

The aikyl ammonium salts have been noted to directly affect the
nature of the electron tfansfer process (155-159). Meites (156) has
noted that the quaternary ammonium cation adsorbs onto the surface of
the mercury drop from a dme over a wiae range of potentials, changing
£he halfwave potentials, the diffusion currents, and éven the mecha-
Aiém of the reaction. The effects depend on both the size and the

concentration of the ammonium salt. Generally, as the size of the
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.tétfaalkyl ammonium cation increases, the polarographic waves move to
more negative potentials (157,159) and changes in the reversibility of
thc electron transfer step occur (15@). This phehomcﬁon has been
g;tfibuted to the decrea;e'in electron transfer fatc conscantc.as the
élcctﬁclfte cation increases (157). Similar adsorption:chcractertis—
tics aie gssociated with the halidc ion particularly at mercury.(68).
Even the toluene—p—sulfate.anion is noted to inflﬁence the rate of
.elécffon transfer due to adsorption phenomena (160). A study of these
interfacial characteristics of thc supportinc electrolyte on ‘stainless
steel or aluﬁinum is béyond the scope of this dissertation.

The base electrolyte cén clso intéfcept products of the electron
"trénsfer process. Two specific reactions will be briefly considered.
-Carbanicns géneréted in an.electrolysis cell generaily abstract a
proton from the colvent to generate the saturated system. This route
is particularly favorable when quaternary ammonium salts are avail-
able. The strong base, R—, abstracts a proton from the quaternary.
salt and generates an olefin plus tertiary amine. This is the Hoffman
eliminaticn. This process is not possible for the tetramethylammonium

(+)

cation, Me4N. Several experiments were performed in which the concen-

tration of TEAB was varied in order to observe any changes in octane

production. An experiment was also performed in which Me4NBr was used

in a concentration equal to the concentration of TEAB in a standard
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.eleétrolysis cell.”‘If'octane formed via a Hoffman elimination proc-
ess{ a.reduced amount of octane should be obtained with Me4NBr. |
Furthgrmoré, if a doublgliaye¥ phenomena existed and inf;uenced the
‘nature of the :eactiop,'the change from.ethyl to methyl quaternary -
sdlts shéﬁld éemonstfate the;e effects'(159). Results for thesé
expériﬁenﬁs.ére given in Téblé QVIIIL The percenf reaction is seen to
drop'draﬁatically for.a solutioﬂ that is essentially saturatéd with
TEAB and a solution that has no TEAB. This latter solution wag still
éapab}e of conducting some current because of the ‘high concentration
of metal salt'pfesent in the electrolysis cell.

Reactions NII184 and NII188 are identically assembiéd reacfions
included with this table to demonstrate the fluctuations-in the yields
fbr-idéntical reaqtipns. Comparing the yields of products for reac-
.tions NITi84, NII188, and those for reaction NII196 in which Me4NBr
was used as.the base electrolyte, it is tempting to éﬁggest fhat (1)
tﬁé generation of coupled product may be influenced by specific ad-
‘sorption effects of the tetraethyl ammoniuﬁ salt and (2) the gener-
ation of oétane ié independent of the availability of a Hoffman elim-
ination ?oute. The first claim is not supported by the evidence since
an adsorption effect by TEAB would be expected to increase with the
coﬂcentration of this quatéfnary ammon ium salt. At some critical

surface coverage, the effecf of adsorption on the generation of

coupled product should be constant so that a constant yield of cbupled '




Table XVIII. Effects of Base Electrolytes’

Reaction No

Base Electrolyte

- (Concn,, F)

Working Electrode
Counter Electrode
E (V vs Cd(Hg))

ref
1634

® Colig

* Cgllis

% reaction

Imax (mA)

%

Resistor (ohms)
Potentiostat

NII1l84
TEAB (0.08)

6061IT6 (Al)

" 606IT6 (Al)

-0.90
59.0.
23.8
10.9

57.5
70

12
GP

NIT194

No TEAB
6061IT6 (Al)
6061IT6 (Al)

.=-0.90
2.45 mmoles
3.69 mmoles

1.52 mmole

2.
12 -
GP

NIT188
TEAB (0.08)

606IT6 (AL)
606IT6(AL)
-0.90

35.9
33.1
15.5

81.3
70

12
GP

NITI196
TMAB (0.08)
606IT6 (Al)
606IT6 (Al)

-0.90

24.9 -

40.5

12.9

68.6

12
GP

NIT1l20
TEAB (0.16)

606IT6 (Al)
606IT6 (A1)
-0.90

22.1
39.0
21.1

95.2
70

12
GP

NIIlo2

TEAB (0.24)

606IT6 (A1)

6061IT6 (ALl)
-0.90

60.8
1 50.9
12.5

19.6
70

12
GP

. NIT193
TEAB (0.04)

' 606IT6 (A1)

606IT6 (A1)
~0.90

24.6
35.2
19.6

' 94.2
1

12
GP

6eT
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product is. obtained. - However, -the results inqicate that at half the
‘original concentration of.TEAB ané at twice the original concentfation
: éf TEAE,.the~effect of 'the concentration of the base eiectrolyfe on
the yield of coupled éroduct is the same. A maximum in the yield of
‘ ‘éduplea product occurs in between these two concent£ation limits.
‘ This is not expected for an absorption effect.
fhe sécond claim ié‘substantiated by the results. The gener—'
ation of octane is inde?endent of the availability of the Hoffman
.eliﬁinafioh.pathway. However, the quaternary salt is important in the
overall reaction since the lack of a bdse eléctrolyté sabotaged the
generation of product, reaction NII194.
Another effect the basg elect?olyte may' have on the system is
. associgtéd with a coordinative relaxation process available for the
redﬁctiqn of Fe(acac)3 in fhé presencg of liﬁhiugisalts (}61(162i.
The gene%al scheme for coordinative relaxation has been worked out by
Murray et al. (161). The proposed reaction for this process with

reduced_Fe'(gcac)3 and lithium ions was preéented by Heineman K162).
1- .+ . +
Fe(acac)3 o+ 2ni > Fe(acac)2 + L12(acac) )

Such a process may increase the concentration of -Fe(acac)2 which may’

. establish -a higher cohcentration of reduéible Fe (II) ions. 'Table XIX
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Table XIX. Added'Inorganié‘Base Electrolytes

Reaction No NII198 NI273 NI289
Base -Electrolyte TEAB + Li NO, TEAB + NaBr TEAB + KBr
'wOrkihg'Eiécﬁyode 6061IT6 (A1) Al (unk) _ Al (unk)
Counter Electrode . 606IT6(AL) Al (unk) al (unk)
Er' V vs Cd(Hg) . -0.90 : 1.5 EAPP ‘.l's.EAPP
% C) Hyy 44.4 | 29.5 14.3
% ( : L 26. . . .
CgHy g _ 126.0 1§ 0 17.2
% C_H, 5.2 .2 .
CeHig 1 5 3.9
% ieabtion ' 81.0 ' 95.3 . : 43.8
I . (mA) : .70 . 53 . 40
max . ) . ,
Resistor (ohms) ) 12 ) - _—

© Potentiostat ' GP HK HK
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gives the results for added cations. Sodium bromide, NaBr, énd potas-
sium bromide, KBf, were added to a two-electrode constant applied po-
tentiai electrolysis cell. The.yields are within the range of vields
usually fecordeq for such cells, see Table VI. Thé lithium nitrate,
LiNos, may have influenced the electrolysis reaction. .Considering
reaction NII188 of Table XVIII which is identical to reaction NII198
of the above table except that LiBr has been added to the latter, the
yields of products between these two cells aredifferent. This com-~
parison can be made becausé'?he percent reaction for. both systems are
the same. The coupled product is seen to increase with ad@ed LiBr at
the expense of the monomeric alkane. Unfortunately, the range:of
.yields established for this system without added LiBr is sufficiently
great.to reduce this observation to elements of. conjecture and inter-
pretation. Therefore, the lithium ion, although affecting the reduc-

tion of Fe(acac)3 does not affect the production of organic product.

Solution Components

The concentration of the other solution components was varied
with the intent of optimizing the yield of dimer. Only two other
components fall into this category, the stabilizing }igand triphenyl-
phosphine, Ph3P, and ;he oxrganic substrate, l-pctyl b?omide. Results
of experiments in which these components have been varied are given iﬁ{

Table XX. Triphenylphosphine appears to have no effect on the nature
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Table XX. -  Effects of Varying the Concentration of Ph3P and-n-C_H_ _Br

Reaction No

_ Component
Base Electrolyte
Working Electrode

Counter Electrode

Er’ V vs Cd(Hg)

% CigHyy

% C

818

% Cglie
% reaction

Resistor (ohms)

Imax"mA)_

8717
NIT184 NII186 ﬁIi187- NII188
Ph3P ko,o95) Ph_P (0.00)  Ph,P (0.191) PhBP'(o.OQS)N
TeAR TEAB TEAB  TEAB
606IT6 (A1) 606IT6(Al) ~  606IT6(AL) : 606IT6 (AL)
eoeiTe(Al) : 6061T6 (A1) 5661T6(A1)-' " 606IT6 (Al)
~0.90 -0.90 -0.90 | -0.90 |
59.0 34.4 42.2 3509
23.8 32.1 28.8 33.1
10.9 17.1 11.8 15.5
57.5 90.9 48.0  8L.3
12 12 _ o 12 _ 12

70 70 70 70

NII195
C8H1%Br(0.40§)
TEAB
6061T6 (A1)
.6061T6(A1)
-0.90
18.0
46.0
11.9
100
12"

70

EVT
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of the reaction. Reactions NII184 and NII188 are identicél and there-
fore represent possible limits for the yields of coupled product. Re-
moving all of thé supporting ligand or doubling its concentration gave
' vields of.coupled product that fell within the range ;sfabliéhed by
reactions NiI184 and NIi188.

l-octyl bromide does appear to have an effect on the yield of
dimeric product. Halviné the standara concentrafionfof 1--octyl bromide
resulted in a decrease of hexadecane and an increase in oct;ne produc-
tion. This effect méy offer some mechanistic evidénce that suggests
the generation of coupled product may represent the décompésition of a
dialkyl iron species, the disproportionation of two performed organo;
iron species, or an attack by an organoiron intermediate on starting
méterial.’ Increasing the available l-octyl bromide would be expected
to generate more coﬁpled product. Unfortunately, doublihg the concen-
tration of l-octyl bromide produced a heterogenéous solution. No

further investigations were performed.

Total Current

The total current of the electrolysis cell can-influence the

product distribiution. Low current densities were claimed to favor the
_ o . + .

production of C6H5CH3Adur1ng the reduction of C6H5CH2N(CH20H3)3NO‘

.(138) although others claim there 'is no effect (141) when the reduction

proceeds at a aluminum cathode. In the Kolbe oxidation, increased
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'current dens1ty favors coupllng, while other coupling reactlons are
1ndependent of the: current density (143).

" Of necessity, the total current becomes the diagncstic tooi used
 rn tHis”s&stem. If hot spots corresponding to exposed aluﬁiuum are
-geueretedswhich carry most.of the current, the number ot.tueSe hot
spots remaips undetermined.' Secondly, plating is.observed to cccur
witﬁ iron being-deposited‘on the surface, the surface‘area of'this new
deposit.a;so remains undeterminea. The totel current can:be used as
a measure of the effectiveness of a reaction as long as the same ex-
,perimental set-up and electrode pretreatment is used (143).

The three-electrode potentiostat prepared by Dr. Geer‘can adjust
the iimiting current of the electrolysis cell by simply replacing two
resistors'of the poteutiostat. This represents the easiest'method of
ccutrolling the limiting current and wes adopted tchgeﬁerate the date
recorded in Table XXI. A general treud‘appears.in that optimum coupl-
ing occurs when the total current is limited to:approximately‘70 mA,
coupllng being suppresséd at either higher ox 1ower total current
levels. The pattern suggests that perhaps adsorbed alkyl spec1es,
presumatly octyl radicals, are 1mportant to coupled product fcrmatlon.
Alternatively, the deposition of iron may be affecting the distribu-
tion of products. Perhaés_a certain current densrty is required fcr
a particuiar type of iron deposit which, when preseht, optimizes the

conversion of coupled product. Both of these possibilities indicate

[




Table XXI.

Total Current Effects on Three-Electrode Cell

Reaction No )
Base Electrolyte
Working Electrode
Counter Electrode
Ee' V vs Cd(Hg)

® 16734

% C8H18

%C8H16

% reaction
Potentiostat
Resistor

Imax (mA)

HCl pretreatment

NIT121
TEAB

606IT6 (Al)
6061IT6 (Al)

-0.75
25.1
29.0
15.5

75.0
mHK

410
PH 0.5

NIT184
TEAB
606IT6 (Al)
606IT6 (Al)
-0.20

59.0
23.8
10.9
57.5
GP

12

70
pPH 0.5

NII139
TEAB
606IT6 (Al)
606IT6 (Al)
-0.80

21.1
39.7
8.2

76.3°
GP
3.3
200

PH 0.5

NII188
TEAB
606IT6(AL)
6061IT6 (Al)
-0.90

35.9
33.1
15.5
81.3
GP

12

70
pH 0.5

NIIl67C
TEAB
606IT6 (Al)
606IT6 (Al)
-0.90

21.8
35.1
9.2

100 ..
GP
3.3
200

3N

NII185
TEAB
606IT6 (Al)
606IT6 (ALl)
-0.90

25.9
39.7
13.1
51.1
GP

27

25
pH 0.5

NII171
TEAB
606IT6 (Al)
606IT6 (Al)
-0.90

17.3
31.8
17.3

100
GP

4.7
145

pPH 0.5

" NIIl72
TEAB
606IT6 (Al)
606IT6 (Al)
~0.90

29.1
31.7
15.9

100
GP

6.8
© 98

pH 0.5

97T
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a contribution to coupled p;oduct formation this is essentially a het-

erogeneous mechanism.

.§pectroscqpic Studies .

- The discussion has developed about the theme of-undersfanding the
electrochemical éonéequences of the proposed synthetiC“reactiop. The
scat;er.in product yields agsociated with the early éwo—eiectrode con-
stant applied potentialiwork suggested the need for-a three-electrode
system, ° Thé,components of the electrolysis cell were examined in hopes
of optimiéing the yield_éf coupled prb@uct génerated in this synthetic
- scheme but, unfortunately, the‘widé scatter of result; for seemingly_
duplicate reactions.in both the £wo— and three-electrode cells reduced
the Qalue'of this attempt. The solution components had less of an
effect'than did the electrode materiai, the history'ofjthe electrode,
and ;heitotal current flowing through the cell.. This problem of
reproducibility is elusive. For all of the reactions examined, the
reaction leads to the same isolated products in widely ‘varying distri-
butions. This ﬁacet of the problem suggesté that whatever mechanism is
postulatéd, a common intermédiate exists in all the systems in ord;r to
generate the same products. This is a convenient hypothésis fo# it
provides.é reasonable argument concerning the product distribution.: As
the concentration of thiS'intérmediate cﬁaﬁges, go'will fhe distribution

of the products.’
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The theme for the majority of this work has been the generation
of a solution organome?allic which ‘proceeds to generate the indicated
p%oducts. The assuﬁptiﬁn of a homogeneous species Qas reinforced by
.obserying a’' new solution chromophore during the reduction of Fe(acac)3
~in the presenée of l-octyl bromide using a‘two-eleetrode constant ap-
plied potentiél electrolysis cell. PFigure 25 demonstrates the tfansi—
g;on from a solution of Fe(acac)3 at the onset of the electrélysis to
a solution hosting'the'new chromophore at the termination_of the elec-
trolysis. The absorbance maximum ﬁor Fe(acac)3 in DMF occurs at two
wavelengths, 353 nm and 435 nm. The literature reports these maxima
"to occur at 353 nm and 437 nm in chloroform (163). The agreement for
the system under investigation with the literatgre values for Fe(acaé)3
is quite satisfactory.

The new solution chromophore was observed to have its‘absorbance
maximum at 367 nm. The oﬁservance of this solution chromophoré offered
encouragement to suggesting £hat it represents a pbssible homogeneous
reagent that was postulated to form in this system.. The foémation of
this,chromophore was independeht of the Ph3P in that it appearéd in a
reaction using a two-électrode electrolysis cell that was not charged
‘with Ph3P. If the thomopho?e represents an organo%ron‘species, its

stability is not a function of the Ph_P also present in the system.

3

Secondly, two aluminum electrodes were used, but the alloy was not

known. Using the 606IT6 aluminum alloy for electrode material resulted
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Figure 25. Absorbance Spectra Before (I) and After (II) Electrolysis of Fe(acac)., with

l-C8H17Br at Aluminum Electrodes in Two-Electrode Constant Applied Potential
Electrolysis Cell.
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in é decrease in tﬁe absorbance spectrum of this new_éhromqphore -
. suggesting that it may originate with the counter electrode.
‘ The chromophorg at 367 nm maf be a simple salt of réduéed
’ Fe(acac)3. Heineman ét a}._(162).have reported theaspectral proper-
ties ﬁor the reduced_forms of Fe(acéc)3 generated.at opticélly trans-
. parent thin electrodes (solvent: CH,CN, 0.1M in both LiC‘iO4 and

TEAP). The wavelengths at which absorbance maxima occurred for the

various forms of Fe(ac_ac)3 are given in Table XXII. The shorter

Table XXII. Amax for Fe(acac), and Reduced Forms .(162)

. Species . A

Fe(acag)B, i 353 nm, 430 nm
S 1+ : '
Fe(acac)2 ) 352 nm, 485 nm

.2+ )

Fe(acac) : _ . 353 nm, 540 nm
Fe(acac)é_ 346'nm, 470 nm
Fe(acac)2 . 335 nm, 412 nm

- wavelengths were read from a figure ingluded in the paper and may be
ip error by as much as +10 nm. .TWo ébsorbance maximé §ccur for  each
species. The general characteristics of these curves is that the ab~
soiute absorbance of both Wavelengths are nearly identical. The solu-
tion»éhromophore at 367 nm in'the electrolysis céll, Figﬁre 25,.doeé

not have another absorbance maximum at longer wavelengths, therefore
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it is considered as being a solutipn species that'is not. one of those
included.in Table XXTI.
. Several three-electrode electrolysis cells haveibeen'used to

" exaﬁiné ;he-geneiation of the 367 nm chromophore and ény.dfher spec-

. tral'cﬁanges associated-With the .electrolysis. A cqmplete listing
of these electrolysis cells and the observed spgctral properties of
the réépective solutions are included in Appendix A. Those systems
,thaf_ére germain to the.arguments presented here will be. repeated in
the'accompanying tables.

The chromophore of 367 nm may be the proposed érganoi%on species
that ﬁorms in the solution during eleétrolysis. This premise has been
" shown to be false. An l-octyl bromide;free solution of Fe(acac)3 with
aluminum electrodes of the 606IT6-alloy was electrolyzed for 24 héurs.
After this time a solution aliquot was examined. Table XXIII lists
:Jthe results of the UV-VIS work. The chromophore at 367 ﬁm is present

Table XXIITI. Spectral Properties of an Electrolyzed 1-Octyl Bromide-
‘ Free Solution. Reaction NII157, 606IT6(Al)/606IT6(Al)

Electrodes
© Time No RBX 24 hours . R8X added 36 hours
'A; (0.D.) 350 nm (0.48) , | 357 mm (0.50)
A, (0.D.) 366 nm (0.43) 367 mm (0.51)

2
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in the solution even when l-octyl bromide is absent, therefore the
'chromophore cannot be the organometallic reagent. The addition of
l-octyl bromide to the solution appears to ;ed shift the absprbance
atifﬁe shorter waveleng;ﬁ,.but for'the moment, this épectral shift
‘'will not be considered.

The suggestion thét the chromophore responsible for the 367 nm
absorbance might be an Al-Fe adduct can be tested using other elec-
trode material. If this adduct is responsible for product formation,
its ;bsence should .limit or halt any generation of products. Stain-
less steel electrodes have already been used to establish improved
reaction yields over similar electrolysis solutions using aluminum
electrodes. These experimental observations have been used to ruie
out any contribution to product formation by such an aluminum—ifon
complex. However, spectral e#aminations of electrolysis solutions
from éells having used stéinless steel electrodes will‘supporf oxr
refute the intermediary of the 367 nm chromophore in product forma-
tion. If this chromophore is not present in those electrqusis cells
using: stainless steel électrodes, it canno£ be a participant in’
product formation. Figure 26 presents the uv—vis'spectrum of a re~ -
duced solution of Fe(acac)3 prepared using stainless steel electrodes.
No chromophore having an absorbance maximum at 367 nm is present in |

the solution.
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Figure 26. Absorbance Spectrum for Peaction NII1l46, Stainless steel

electrodes used to reduce Fe(acac)3 at Eref = =0.9V vs

Cd (Hg) .
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Two electrolysis reactions were performed using the mixed elec-
trode system of aluminum and stainless steel. In one imstance, the
aluminum‘was the working electrode and in the other thé stainless

_steel wés'Fhe workiﬁg electrode. Figure 27 displays the absérbance
curves fof'these two cells after approximately twenty-one hours
of electrolysis. A chromophore at 370 nm was found when the counter
eiectrode was aluminum but not when the counter electrode was stain-
‘less steel..

6£h¢r.attempts to discharge the proposition that the 367 nm
chromophore'was an Al-Fe adduct were not partiéularly successful., A
solgfion free of both.Fe(acac)3 and l-octyl bromide produce no current
therefore there was no discharge of material from the counter eiectrode.
”‘The uv-vis specﬁrum was without distinction. Another celliwas assem-~
bled which used an iron plated aluminum working electrode in an iron;
freée solution containing l-octyl bromide. Some current did flow under
these conditions, discharging ions from the counter electrode into
the solution. A uv-vis spectrum of an aliquot of this solution showed
that a chromophore at 377 nm appears, Figure 28. This peak is but a
ripple on an absorbtion band and hence not verf useful. Sinqe the
current in the cell was small, the discharge of material from tbe

counter electrode would not be great.
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Figure 27. Absorbance Spectra for Reduction of Fe(acac). with Mixed
Electrode Systems. (I) Stainless steel working electrode,
aluminum counter electrode of reaction NII173, (II) Alumi-

num working electrode, stainless steel counter electrode
of reaction NII168A.
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Absorbance Spectra of (I) An Electrolyzed Fe (acac)
Solution and (II) an Iron-Free Solution after Elecgrolysis
Using an Fe-Plated Aluminum Electrode, Working Electrode
and an Aluminum Counter Electrode.
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The -spectral characteristics of the two solﬁtionﬁ using stainless

steel counter eleétrqdes, Figures 26 and 27, are very similar and in-
-dependent'of the workiné electrode material. .This.suggesté, of course,
a‘cqmmon.origin to the éhfomophores. .The spectral.préperfies of these
'so;ﬁtions are different than those for solutions using an‘aluminum
' céuﬁter electrode. An'attempt at eliminating the éffects of‘the dis-
.solving métal electrode failed. A platinum counter electrode Qith a
stéinless steel working. electrode wés used in two electrolysis cells,
one involﬁing TEAP as the base electrolyte, the other TEAB; Table .

XXIV gives the spectral properties of these solutions. The spectral

Table XXIV. Spectral Properties of Solutions with a Pt Counter

Electrode
) . Absorbance
ReacF;on No. Base Electrolyte Time Al (0.D.) Az (0.D.)
| NIX147 TEAP 6 354 (0.76) 438 (0.71)
24 351 (0.70) 444 (0.60)
NII149 TEAB 24 . 354 (0.70) , 437 (0.67)
’ ' 48 354 (0.63) . 437 (0.60)

characteristics are sufficiently identical to suggést tha; the réduc—_
tion of Fe(acac)3 is being followed by its okidationweither:chemif |
cally( NII1l49, or electrochemically, NITI147.

| The evidence to rule out an iron~aluminum adduct is.not com-

pelling. However, notice of the experimental conditions used'in
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obtaining these spectra indicate that no provisions'have been estab-
lished to eliminate traces of moisture or dissolved oxygen. The sta-
" bility of an iron-aluminum adduct to water and aif ha; not been ‘re-
ported althpugh it méy be assumed that it would be sensitive_to'air
oxidatiqn; The spectral broperties of the solution containing the
362 nm chromophore are not time dependent even after exposure to
‘alr. 'This suggests that an air-sensitive chromophofe isinot present.
Secohdly,-the absolute absorbance of this chromophore'debends on the
aluminum afloy used as the counter electroae. Since bqth alloys
would be_ekéected to discharge aluminum ions, this observation sug-
gest; that fhe chrqmophérevis a trace constituent of ;hé‘aluminum
alloy. Finally, the near i@entical spectral properties for the two
solutions using the sfainless steel counter eléctrode which were
different for solutions using aluminum‘coﬁnter elecfrodgs also sug-
gest'thaf the chromophore originates from the counter electrode.

The spectral examination of the electrolysis solutions has
established the following conclusions:

(1) Fe(acac)3 is consumed during the electrolysis.

(2)'The chromophore at 367 nm is mot an organoiron species. The

peak appears with or without Ph_P, with or without l-octyl

3

-bromide, and does not appear when a stainless steel counter

electrode is substituted for the aluminuim counter electrode.
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(3) fhe'stainless steel counter electrode changes the eleétrolysié
solution spectrum in a way that is different from the alu-
minum counter electrode and independent of -the working elec-
Ffode.
(4) Thé 367 nm'thomophore’is due to the aluminum counterx eiecf
" trode and is dependent on the alloy.
(5) The 367 nm chromophore ié not sensitive to air oxiaation.
These conclusions suggest that the chromophore at 367 nm is generated
from matérial that is being discharged into the solution from the
sacrificial aluminum counter electrode. The material is a constituent

of the aluminum alloy, but is not aluminum ions.

Homogeneous vs Heterogeneous

The spectral examinations of the electrolysis solutions have not
established the presence of a chromophore in solution which may be
critical to product formation. This.does not refute the possibility
that a solutién species.is respondible for prodﬁct genefation since
this spgcies may (1) have no absorbanée‘thfoughout the éxamined elec-
trdm&gnetic spectrum or (2) be in'such low concentration that even if
it could adsorb in:the wavelength region explored, it was too dilute
to establish its preéeﬁce. Therefore, the homogeneous reagént is nof
eliminated. Erom Table xvi, reactio# NII129, we are assured that the

solution species that may lead to product formation is not an iron (II)
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complex. ' The working electrode potential was jﬁst cathodic of the
breakiné po?ential for Fe(acac)3 at stainless ;teel electrodes. The
' current in this reaction ﬁell smoothly with tiﬁe, but no products
weré isolated. The working electrode potential was pot cathodic
enough to further reduce iron (I1), therefore the solution ion, iron
(Xx), is not capablé of pfoduct formation.

Some very interesting clues have been established that suggest
a heterogeneous system may be operative in prodqct formaéion.' The
dependehcé of product formation on the nature of the electrode material
- suggests that the electrode may participate in the reaction with
stainless steel working'electrodes improving the yield of coupled
produc£ over identical reactions using aluminum électrodes. ‘Segondly,
when the surface area of the stainless‘steel eleétrodesAwas ré&ucéd‘
to half the normal aréa, more effective coupling, as evidence‘by in-
creased dimer production, prevailed. This may be appreciated for a
" system involving adsorbed surface radicals gince bimoleﬁular formation
of cbupled product has been noted to be favored with high;current
deﬂsity and.high surface coverage (143). finally, the'electpolytic
behavior of two stainless steel electrodes without Fe(acac)3 resulted
in apparent autocatalytic behavibr of the cur;ent, Figure 21 and:
Téble XIQ, reaction NII178. This current time behavior suggested tha£
poséible organoiron surfacé species were forméd on the stainleés steel

working electrode which was readily reduced and in so doing,
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caused the current to flow,fhrough the cell. This is further sup-

ported by the formation of products at a stainléss steel working elec-

- Table XIV.

‘trode and aluminum counter electrode, but not the reverse combination,

A critical test is required to establish whether or not a re-

duced form of the metal exists in the solution and is responsible for

the production of products. Such a test was designed by preelectro-

lyzing an Fe(acac)3 golution with aluminum electrodes in a solution

'that did not contain l-octyl bromide. The three—electrodé electrolysis

cell was used and operated at -0.90V as the control potentiél. Spec-

demonstrated ;he‘présence of the 367 chromophore.

NII160 . 24 hours 350 (0.48)
48 hours 351 (0.37)

n—C8H17BF 48 hours 362 (0.34)

NII161 48 hours 351 (0.34)

367
367
367

377

" tral examinations of this solution, reaction NII160, after 48 hours

(0.30)
(0.34)
(0.31)

(0.25)

1-Octyl bromide was added to this preelectrolyzed Fe(acac)3 solution

after the electrodes were removed, and the solution stirred for 48

hours. The iron-plated aluminum working electrode, counter electrodé,

and reference electrode were placed in an iron-free solution contain-

ing l=octyl bromide. This solution was electrolyzed for 48 hours and

is designated reaction NII16l. The yields of the two reactions are
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repérted in Table XXV. Thé produc? distribution ié quite dramatic.
Products were only obtained in the solution that had the iron-plated
: &drking glectrode. No prodﬁcts were available in the soiutiqn stirred
"with. the 367 nm chromophore. This chromophore Qas present in both

reaction vessels at the end of the reaction.

Table XXV. Homodgeneous vs Heterogeneous Reaction

oP

Reaction No © NII160 ‘ NII161
Description l—C8Hl7Br'stirred Fe-plated Al electrodes
with preelectrolyzed in Fe-free solution of
Fe(acac)3 l—C8H17Br
C16H34 none 48.8
% CSH18 <0.04 mmoles 27.0
% C8H16 <0.06 mmoles 8.4.
% reaction - : 37.0

Two attempts at plating iron onto a platinum foil electfode were
attempted. The difficulty of plating iron on to the platinum‘surface
was associated wi£h the poor adhesion of the plated material onto the
platinum. The results of these two attempts are given in Table.XXVI.
These results are encouraging. The plated iron surface was effective in
generating products albeit in-ve;y low yields. The plating of the iron'
onto the surface of the platinum foil was mot extensive, therefore the

reaction was limited. The difficulty, as noted, is the generation of a
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‘plated'surface on the support that will be sufficiently cohesive to

allow for further plating. Platinum was not this surface.

Table XXVI. Fe-Plated Platinum Working Electrode

Reaction No . 11’ NII179 .: .'NII183f
'Ef' V'vs cd(Hg) . - - ) ~0.90 : n f'_-o.9o
%-C16H34 - . 0.96 mmoles . 20.1
% C8H18 Co ' 1.46 mmoles ——
% C8Hi6 0.36 mmoles —

% reaction | n4.5% , . Vv3.7%

A heterogeneous reaction is supportive of an interpretation al-

luding t6 the need for a common intermediate. If a plated-surfacé is -
' neces%ary, then the lack of uniform generation'of.this suffaée is

assoqiated with the wide distribution of products for séemingly iden-
tical- 1‘:eact>ions. Allmand (107) has noted that differen£ metals can
be deposited in very different conditions of aggregaﬁioﬁ‘énd satis-
factory correlation of tﬁe experimental changes in'the~electrolysis
conditions with ﬁhe type of surface génerated does not exist.  High
concentrations wére associated with improved plating. High current °
densities cause the solution in the immediate vicinity of the working
eiectrode to have lower ibnic strength than in the bulkvsolution’ahd-
thiszcondition generally leads to poorer deposits. The obserﬁatiop\
tﬁat the total current attained in the electrolysis cell had an.effect

on the distribution of products is in agreement with this statement,
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i.e., lower current deﬁsities (limiting current) gave better plating
and hence higher ﬁroduct yields, particularly dimeric product. fhe
iméortance of a uniform iron surface has been demonstrated in the lit-
erature'during.examinations of the redox cdupié Fe(CN)Z_/Fe(CN)g_ at
an iron electrode (164). Oimedo et al. (164) observed that repro-
‘dﬁéibility and sglf—consistency of results were oniy possible after
exfreme care_was taken .to prepare an iron surface.

The iron plétgd aluminum working electrode was examined using
- the scanning electrén microscope. Figﬁres 29 and 30 are micrographs
of the surface of two different plated electrodes obtained under iden~
tical electrolysis conditions. Figure 29 shows that this surface of
tﬁe electrode is covered by platelets of deposited méteriél. The
yields for this reaction, NIIlB4{ are given in Table XXVII. The
coupled product was formed in high yields. Figure 30 shows the micro-
g?éphs of another plated working electrode obtained froﬁ réaction
NII188 supposedly run under identical conditions as feaction NIIlB4.l
A}though platelets of deposit are also available, the'majority of the
surface is covered by .a grandular material. The yields for this
reactionlare also given in Table XVII. For this latter feaction, the
. yield of coupled producf is reduced. Thus, a correlation appears to
exist between the yields of coupled products and the nature of the

surface deposit. The deposit has been identified by x-ray




le5




Figure 29.

Scanning Electron Micrograph of the Iron-Plated Aluminum
Working Electrode for Reaction NII184. (A) 700x;
(B) 2000x. ’
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Figure 30. Scanning Electron Micrograph of the Iron-Plated Aluminum
Working Electrode for Reaction NII188. (A) 700x;
(B) 1000x.
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Table XXVII.. Product Distribution for SEM Examined Electrodes

Reaction No | © NIT184 . :NIIlQS
JBase ﬁlectrol&tei' ‘ f. _ . TEAB _ TEAB

lWoFking E;ect;oae‘ ‘“‘ 606IT6 (Al) o 666iT6(Ai)
-Countér Electrode 666IT6(A1) _ o 6061T6 (Al)
B, s V VS Cd(Hg)',' | ~0.90 | ~0.90

3 C;6H34 59.0 5 35.9

% C8Hié | o 23.8 : 33.1

% Cgltg " ‘ 10.9 o . 15.5

% reaction _' 'A  57.5 ‘ ' 81.3

(mA) ' 70 70.
max . _
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fluorescence to be main;y iron with bromine éresent at reasonable .
-;eve;s and some copéer, probably from the material Aischarged 5y the
aluminum.counter electrode. |
A brief survey of the problem of metal-solution interfaces

(electrodics) will 5e'presente§ to esfablish the complexity of this-
' proﬁlem whiéh can influence the product yield. ﬁeét (165) has sum-
ma?ized much of this information. For an anode, dissolution normally '
occurs at chemically active sites that are associated with crystélldg—
. raphic dislocations at.theusurface as well as general diScSntinuities
from severing .a crystallographic plané at the‘soiid surface. ‘The
lattér-is responsible for steps and kinks on thelsurface;'.Cathgdic
deposition is not so straightfo¥ward. The-iﬁcoming metal,ionxié com=
plexedvby either ligands or solvent'molecﬁles as it exists in ;he.
sblution.. The ions may be-ﬁotélly redgced_at the chemically aéfive
sites that are analogous to.those fo;‘dissolution, of:£ﬁeiions way

be only partially reduced. In the latter inéfance, fhe ion can be
reduced anywhere at random on the surface and then wander about én

the surface until it reaches a suitable discontinuity such as a step
or a kink. The initial reduction appears tolgene¥ate an adatom with
surface mobility. In both cases, metal crystal growth will mo;t
'iikely occur along growth edges. Thus, it ié possible fo; the origi-

nal electrode surface to exert an epitaxial effect on the nature of
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-the‘deposit."If random deposition is preferreﬁ'dﬁring the electrolysis
and surface migration eliminatéd, new crystal grains can be established
frdm the nucleation initiated by the adétom. Such surface growth gen-
‘erates grains of no pafticular oriéntation to those previoﬁs}y de~-
posited résulting in small grain size. Direct deposition or indirect
. deposition with surface migration to a crystallograbhic plane are im-
‘poitant processes in growing a smooth surface. As noted above, high
Acurrent den;ities and/or high overpotentiais limit the crystallog-
réphic nature of the déposits and growth becomes nodular. if an
‘electrolyte is surfacéractive, the material‘generally adsorbs gt
growth edges affecting the deposition of the solution ion even at
low overpofentials. Thus, although thé investigation of electrolysis
conditions appeared to be uninfluentia;.in determining.the distri-
bution of products, other feégents may sufficiently perturb the
surface deposition of iron that no products are found.

Generally, ;non—crystallographic“ deposits of a plated‘metal,
i.e., one that allows for surface migration, usually results in a
briéht'deposit. Although other complicating factors in the-electroly-
sis cell may change the nature of the deposit,.all of the iron plated
electrodes appeared black fo dark brown. This suggests that epitaxial
effects of the supporting electrode are possible; Such a proposition
agrees favorably with the observed effeéts of electrode history, pre-

treatment, and material. The aluminum oxide surface is an insulating
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surface although electron transfer may proceed through pores or frac-
~ tures in thin spots of this oxide coating. The high overpotential of
.this suffacé to iron ion reduction précludes the deposition of iron at
-=0.9V. When the electrode is treated in acid, the chemical etching can
cleén the surface. The reduction of the proton to hydrogep gas is
reéaily oﬁserved as. bubbles of gas form on the surféce of the aluminum.
The extent of this chemical degradatioﬁ of the surface influences the
maénitude of the total current and the deposition of irc;n° The former
increase§ @ﬁe to the increased surface area of the electrode which is
active to eiectron transfer. This activity is increased by degradation
of the oxide 1ayer.',The influence of chemical cleaning of the surface
on the deppsition of iron is found in the appearénce‘of curve B during
thelreductipn of Fe(acac)3 at an aluminum electrode. Only if the
surface is clean will curve B and hence iron deposition occur.

Electrolytic depoSitién of-iron is difficult due to its”in—
ertness (165), therefore adherent electrodeposits are formidable to
prepare. The histofy of the aluminum surface affects the.natﬁre of
the deposit, epitaxial or nOn-crystalloéraphic. The déposition of
iron is difficult. .These two statements are suggested to be the
géverning problems in the formation of coupled product. The control
of the éurface, cited earlier to be of prime importance ‘in establish-

ing reproducibility and self~consistency in the results, was not
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carefully established. 1Identical electrolysis solutions ga&e differ-
/ent product distributions because the surface of the aluminum elec-
 tiode and hence the nature éf the iron deposit was not properly con~
.t.r.ol led.

.Can‘these different surface structures affec£ the product dis—
tribution? Sémorjai (165-169) has demonstrated that for pl;tinum
single crystals with vafying surface structures such a; terraces,
sfeps, kinks, aﬁd adatoms, the chemistry of*béﬁd mqking aﬁd bond
5reaking varies. Atomic steps appear to be preferred surface sites
for breaking hydrogen—h&drogen or carbon-hydrogen bonds. Kinks are
also good for carbon-carbon bond breaking. Térraces are essentially
tﬁe idealized smooth surfaces and very little occurs on these sur-

" faces at moderate .temperatures and pressures. If the surface struc-
- ture'of the iron deposit chénges ffomﬁone electrolysis cell to.

' another, a different deﬁsity of these surface species, i.e., kinks,
s£eps, terraces, and adatoms, can occur which will change the dis—

. tribution of products. Since steps and kinks and adatoms represent
surface species with feﬁer nearest heighbors than terrace atoms, they
can bé classified és coordinatively unsaturated d8 iron (0)‘centers
and thus caﬁ intercept reactive organic substrates.

fhe picfurg that emefges involves a heterogeneous transformation
of -1-octyl bromide to céupled and disproportionated products._:The

product formation process is preceded by the electrochemical
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deposition of iron onto the‘working‘eleetrode as evidenced by the
presence of curves A, B and C in the macroelectrolysis using aluminum
electrodes. The nature of this surface establishes the distribution of
product; the presence of this surface establishes the formation of
prpducts\ The optimization of coupled product yields was inappropri-
ately examined by adjusting gross solution parameters rather than

exploring the subtitles of surface conditions.

Product Formation vs Time

Work performed with the two-electrode cell run with constant
applied potential demonstrated that the product formation followed the
current~-time curve, i.e., octane, octene, and hexadecane were produced
in greater quantities as the current increased. All of the work
performed with three-electrode electrolysis cells involved isolation of
the producfs to assess the yields using an internal standard procedure.
This technique was used to monitor the production of product versus time
for a three-electrode cell using aluﬁinum electrodes. Figure 31 demon-
strates such a plot for reaction N11203.' The disappearance of l-octyl
bromide is initially very siow but after an ﬁour its consumption
increases. This hour delay fits well within the fremewofk of a
heterogeneous reaction. The time delay may correspond to time required
for forming the iron deposit on the working electrode. As this aeposit

increases, the turnover of starting material increases.

5
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Octane is formed'inaependently of l-octene and hexadecane; these

.lattgr two being almost indistinguishable. The yieid of products nevér
equalé théiamount of consumed l-octyl bromide, a phépomen9n that has
- p;agﬁed much of this wofk; Peters (159) has noted'éhat the presence 6f‘
trace amountg of N—meﬁhyl formamide are effective radical traps.fof the
consumption of any alkyi ;adical. This could leéd.to the 'loss' of
starting mateiial,‘since no products associated with Qimer;formation
"between N;methyl formamide and octyl rédicéls weré-sought.-

Al

Water can react with electrochemical inte;mediateS'causing the
‘reduction”of an organic substrate to be irreveréible glthouéh in
-étrictly anhydrous solvents electron transfer to .the oréénic'substrate
is réversible (170). Water may'influence the nature of ‘the eiectrode
‘deposit or intercept organometallic ‘intermediates. Zuman has noted
that traces of water in DMF do not act as proton donors (171) sug-
gestiﬁg that the effects of aﬁy water are not due to the presence of
the pfoton. .Petersl(159)'noted that DMF stored over 4A molecular
sieves, the same size used for the DMF in this work, contains aboutA
136 pbm of water. -If the water-does not act as a strong acid in DMF,

it may still affect the chemistry within the electrical double layer.

Peters (159) felt that an alcohol was formed during the reduction of
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‘alkyl halide at mercury in DMF. The formation of ROH ffom RX was via
an SNZ—type reaction activated by the elect?ic f%e;d of the mercury
‘péthodeq- The loss of l-octyl bromide may beﬂassociatédVWith the gener-
ation of an élcohol from Fhe dissolved water.
The independent formation of octane may be partially accounted

for by several processes.

o
Re + CH3NHlC‘!H + RH + CHSI:ICOH ' | (1)
Re +H Fe Soln. M : (2)
Réds * H.ads > RE (3)
R+ Et,N - RH+ CHCH. + Et.N (4)

4 2772 3
The free radical attack of an alkly radical on traces of N-methyl
formamide was noted by Peters (159). Reaqtion 2 can occur in this
system if it is recalled that the overpotential for hydrogen evolu-

tion is greater at aluminum than at iron, Table V. With an iron

deposit, protons from, the available water can be reduced. This is

+ -
2H + 2e > H2

particularly convenient if the hydroxide ion forms an alcohol with
the starting material within the electrical double layer. However,

at iron, hydrogen dissociatively adsorbs and forms a solid gas
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solution of hydrogen atoms. Because the reaction is surface sensitive,

the alkyl halide must migrate through the diffuse layer

H - 2He°
2 Fe-soln

and through the electrical double layer perhaps becoming

dissociatively adsorbed onto the iron surface'and therefore the sur-
face'effect (172). The adsorbed alkyl radical can now react with
the solid solution hydrogen atém from the hydrogen discharge and form
octane. Alternatively, an olefin can be formed by B-hydridé‘migration

forming an iron hydride

J A e

Fe - CH2CH2R > Fe CH2 or ; CH2
§4 \\" Fe =~ "'

/ CHR /A CHR

Homolytic cleavage of the iron-hydrogen bond can generate an adsorbed
hydrogen atom which can subsequently react with the adsorbed alkyl
species; Alternatively, the two systems, R-Fe and H-Fe, can dispro-
portiate. Iron~hydrides are known.making this a reasonable step
(173-175). Fe(0) is also known to insert into a C-H bond via an oxi-
dative addition reaction (4?,176,177) again supporting the B-hydride
elimination pathway. The Hoffman elimination process has been dis-

cussed and appears not to be important.
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':The formation of olefin and hexadecane at almost the same rate and
guantity suggests some'similari;ies in méthod of formation. One pos-
siBle route is the tws—site concept required to B—hydridé'eliminate or
to couple two alkyl radicals. That is, octane éan form by processes
" that only require the initial site of adsorption. On the other hand, a
Vacgncy must be available.on the ﬁetal center on which adsorption has
taken place, or on a nearest neighbor such that R-elimination can occur.’
Similarly, coupling requires that either both alkyl radicals are on one
metéi center or occupy two metal centers of nearest neighbors. Again,
twb sites are related to the formation of dimer. Assuming all other
rates of reaction are similar--a vast assumption indeed--the rate of
formation of olefin and hexadecane will be different than the rate of
fofmation of octane. Depending on the surface structure éf the iron .
deposit the rate of production of olefin and aimer may be the same or
different, as a comparison of the yields of hexadecane and l-octene
throughout this dissertation demonstrate.

The current increased rapidly when l-octyl bromide was added to a

preelectrolyzed solution of Fe(acac)3 or FeBr Examining the breaking

3
. potential of l-octyl bromide at both a stainless steei working electrode
and an aluminum working electrode,‘Figure 14 and Table XIII, indicated
that the direct redudtion of l-octyl bromide occurred at potentials

more cathodic than -1.5V. Therefore, with a working electrode

potential of -0.9v, l-octyl bromide is not directly reducible.
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If l-octyl bromide oxidatively adds to an iron atom in the iron-plated
ma£rix, the oxidation number of the iron is increased by two, i.e.,
the d8 iron (0) becomes the d§ iron (II). A one electron reduction
of this organometaliic would lead to the formation of a O-bonded
alkyl-iron (I) species and a halide ion. This process, the electro-
chemical reduction of an alkyl-iron-~halide surface species could
account for the current associatea’with curve C. The alkyl-iron
species‘can proceed to generate products. In the preelecfrolyzed elec-
troghemical ceils, the active ironjplated surface is prepared béfore-
the organic substrate is added. The rapid rise in current within the
first minutes after the addition of l-octyl bromide, attests to the
‘rapid oxidative addition process to the low valent, coordinately
uns;turéted (kinks, steps, and adatoms) iron s;tes. This model re-
quires £hat the integrated area beneath the currént;timé cﬁrve should
correspohd to a one-electron transfer process.

The integrated areas beﬁeath>curve C in reactions NII157,
F?(acac)B, and NII158, FeBr3, are given in Table XXVIII. The ex-
pected number 6f equivalenté are generated as the‘sum'of the moles of
recovered products assuming the number of equivalents per mole is one.

This assumption requires the following reaction to have occurred

RX + le ~+ Re + X

&
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Table XXVIII, Integrated Areas Beneath Curve C for Preelectrolyzed
Reactlons of Iron Salts

Reaction No B NTT157 _ NII158
Integrated Areas (Faradays)* l.50x10_2 ] l-.54x10_2
' Expected Eéuivalents 1.12x1072 - ']..20x10_2
.Pér Ceﬁt.Eqﬁivalents Recovered 74% 78%
-Iron:Sglt. e ’ Fe(acac)B, : ' FéBr3

n (Assumed) ' ) 1 . .' 1 |

*Integration used Simpson's Rule

which is exactly the reactién postulated for the surface model. The
- nearly 25% loss .in the number of equivalents recovered probably re-

lflects reactions such as equation one given above as occurring, i.e.,
a free radical is discharged into solufiop where it is,convérted into

unrecoverable material, as well as loss due to experimehtal work up.

Intermediates

The.generation of product has been suggested to be a free radi-
cal process that occurs on.the surface of the acti&eviron.' The
adsorbed rédiqéls can combine on the surface or may be discharged into -
the electrical double layer where they can react to generate ;oupled
and disproportionated products. The radicals, particularly those in
the electrical dﬁuble layer may be in£ercepted wi£h appr;priate free

radical scavengers. Cumene was used as a free radical trap in the
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'tWofelectrode constant applied potential electrolysis cell. Results
of this investigation are giﬁen in Table XXIX. The.problems of

Table'XXIxf Effects of Cumene on Product Production in Two-Electrode
- Cell at Constant Applied Potential, 1.5V '

Reaction No - : ' NIl44  NILSS NI167 . NI220
Mbi;.ratio Cumene:n—C8Hl7Br 1:1 4.9:1 10:1 benzéne 10:1
3C H_ . 1009 7.0 3.9 ‘Al 10.4
% CoH B 29.2 2.3 . 29.1 20.5
% CoH. . | : 10.4 21.8 7.1  6.8
% reaction - 100 . 100 73.9 67.7

‘ reproducing the acfive égrface Qere not appreciated during most of
this work, therefore these results are susceptible to the same scat-
ter ‘as was observed for other electrolysis cells. Nstewo¥thy in this
scheme is the systematic reduction of.thé yield of recovered coupled
product. This indicafes-a free rédical eomponeﬁt to the coupling ~

" reaction is present. The couéling reaction must be sﬁrface mediated
since concentratién ratios of cﬁmene to l;octyl bromide as high as
10:1 failed to inhibit the’ coupling reactioﬁ. If the radical was a
free solution radical, normal scavenger concentratidné on the order
of éhé to one scavehger to substrate should have quenched the cgupling
(1%8). The yield of octane should increase‘whilé the yield of

coupled product decreases. This trend was not observed and may




183

indicate once again the problems of generating the active iron sur-

face. Benzene was added to a standard
to examine the dilution effect cumene,
the‘prbduct formation. Cumene appears
of coupled product.

Carbanions were tested for using

Me NBr. Varying the concentrations of

4
tetramethyl salt which is incapable of

had no effect on the octane formation,

absence of a carbanion mechanism

electrolysis reaction in order
in a ratio of 10 to 1, had on

to agtively suppress the yield

the base electrolyte TEAB and-
the TEAB or substituting the
Hoffman elimination reactions

Table XVIII. Indicating the

Phenol is a reasonably good proton source that is also used to

test for the presence of carbanions in an electrolytic reduction (68).

‘A reaction run in a three-electrode electrolysis cell with the con-

centrations of phenol equal to the concentration of l-octyl bromide

'generated the following results:

C16H34

® CgHig

CgHig

reaction

-

49.0

3.1

60.5

The quaternary ammonium salts indicated that no carbanion formed in

this electrolysis. These results for inhibitidn of coupling by

phenol can be interpreted as surface effects. The phenol may lose its
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proton in the electrical double layer or the working electrode. The
proton can be reduced at the plated iron surface and the generated
hydrogen gas can dissociatively absorb onto the iron forming the
i;on—hydrogen solution. fhe hydiogen atom in solution is available
to react Qith the surface radicals and in so dﬁing’éenerate octane.
Siﬁce this scheme postulates extended proton reduction, the gener-
ation of hydrogen gas may be detrimental.fo the deposition of a propef
iron surface. Therefore, the reduced_per cent yield of'hexgdecane
may also reflect the low quality surﬁace tﬁat wés-fofmed.

| Thesévsorties into possible intermediate forﬁation'are instruc-
tive, but not*necessariiy definitive. Ultimatgly, this work must be
reexamined only after the surfacelis properly and reproducibly pfe—

pared.

Other Substrates

Table XXX gi&es the results obtained for several other sub-
sfratesltested in the electrolysis cell. The effect pf changing the
halide was‘éxamined by performing the standard reaction using primary
octyl chloride ratheritﬁan l—octyl'bfomide, reactién NII199. The
highest yield of octane was obtained with the chloride substratg,
while the goupled‘product was severely repressed. This may feflect
specific surface‘inferactions or may be attributed to a poor surface

formation due to the improved complexation of €17 with iron (IT) and




". Table XXX. Other Organic,Subétrates Examined w;éh Fe_'(acac)3 in Three—Elect;odé'Cell

Reaction No Substrate 'Eref Producfsf
NIIilO . @-Br -1.0v None
NII1ll BrCH2CH2COOEt =0.95v diethyladipate (7%)
Cl
NII13l -0.95v 1,5-hexadiene (98%)
/\/ I(l) o
NII133 ' CICH,COOEt =0.70V E£OCCH,CH,COEt (41%)
NIT135 @'Br -1.0v ‘None
-Br
NIIlQ9 l—C8Hl7Cl -qe9OV C16H34' 4.5%
C8H18' 68.4%. ;
_ _ . C8H16’ 15.1%- u
— - -] - % -
NII200 2 C8H17Br 0.90V 2,1 C16H34’ 1.3 2,2 016H34' 10.0%
c8H18 ; 39.6%
l—C8H16,'6.9%
_ 2_c8Hi6"5'4%
- | %.
' ,l C8Hl6 Br, 2.5%. ‘
NII201 t~-BuBr ~-0.90 ., highly volatile product (23.5%)

no coupled product

#Qpc yield in parenthesis; isolated yield is not enclosed in parenthesis
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hence the removal of iron (II) from further:reduction (132). Mole
.ratips of 4:1 in C1  to iron (I;) are sufficient to drive the equilib-
rium well to the cathédically insulated tetrahedral complég.
The series of 1°, 2°,; and 3° halides was aiéb briefly exémined.
Mi#ed coupling was noted to occur with the secondary octyl bromide.
This is.possible if the dissociative adsorption (oxidative additionf
is a reversible process. An oiefin would have to fOrm.By B-hydride
miération. This olefin would be either l-octene or 2-octene. If this
;fép is at all reversible, the hydride can reattach at the secqndary
_carbon for the coordinated l-octene thus generating a primary surface
rédical. Two possible reaction pathways are available at this junc-
tufe. The primary surface could reaét with a secondary raqiéal to
lead to the mixed coup;ed product. 4Alternétively, a bromine atom could
reattach and for primary octyl b;omide, also observed im this reaction.
Both l-octene aﬁd 2-octene are capable of forming. Statisticaliy,
carbon one has more hydrogen than carbbn three therefore more l-octene
should have formed. The siight preference may not be significant.
Tertiary halides did not couple although a reasonable concen-

tration of volatile product was formed, probably t—gutane. Thetrend
of reactivities towards coupling qualitatively appears to be.

10-5 2° > 3o‘and Br > Cl . This is the expected order fdr a free rad-
ical process.” The ease of homolytic cleavage of_fhe C-Br bond is

-greater-than a C-Cl bond and this appears to be the reactivity
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pattern. The stability. of free radicals is 3° > 2° > 1° which is ex-
pected to be the order;of alkane production. The.iron—plated surface
ﬁay be considered to stabilize incipient free radicals. The/greater
'thé stabilization, the longer fhe residence time on the surface, and
the greater the prbbability of bimolecular encounters which should

favor coupling.




SUMMARY

A two-electrode electrolysis cell was initially‘used to examine
the effeétiveness’of e;eptrolytically reduciné a transition metal salt
:in the presence of an organic halide. ‘The postdlated.strategy for the
ée;l was the direct Solution reaction of the electrolytically réduced
metal and the organic substrate according to accepted homogeneous
~organometallic reaction_processes. Decomposition of this homogeneous
6rganometa11ic would lead to an oxidized metal center and organic
products.' The oxidized metal center is again reducible atﬁthé cathode
of the electrolysis cell and the cycle can continue until the organic
substrate is consumed; |
.The constant current two-electrode electrolysis céll.used-by

Pillsbury (66) was, in principle,  unsatisfactory fér selective reduc- -
tion of.the inorganic ion. The two-electrode electrolysis cell was
then operated under constant applied potential. Much work was done
using ﬁhis electrolysis cell with iron (III) acetylacetonéte, Fe(écac)3,
and l-octyl bfomide. The results for the production of the coupled
p?oduct; hexadecane, were unsatisfacto&y. Identically assembled two-
electrode cells gave yields of coupled products that ranged from 0 to
33%. This scatter was felt tb reéléct the problems asSociated with a
twdfeiectiode cell. _Par#icularly, the potential of the.cathode can
_drift~dﬁring the electroly;is which, i1f the drift is'sufficiently

. cathodic, may result in the direct reduction of the organic halide.
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A three—eleqtro@e.electrolysis cell operates under a constant
working electrode poténtial. Thislconfigura£ion eliminates the prob-
. lem of a drifting catﬁode potentia; and therefore Qoﬁld lead to pré—

sumably more desirable precision in the.yields,of éréanié products
for duplica£e reactiéns.-.The three-electrode configuration requires
a-reference electrode that-is stable in the nonéqueoug solvent,
N,N'—dimethylformémide used throughout this reseérch efforti Such a
reference glectrode was pfepared using an electrolyfic method to
reproducibly generate the cadmium-amalgam required as part of'the
internal standard half-cell for the reference electrode (124). An
infhouse_manufactured potentiostat designed and built by R. D. Geer
confrolled the working eleétrpdé potential. The iﬁtended increase'in
the precision of the yields of ofganic products for aﬁplicate'reactions
was not experiméntally observed.

The current-time curves for both the two-electrode constant
applied potential electrolfsis cell and the fhree—eleqtrode constant
working_electrode potential electrolysis cell provided -much infor-
mation concerning thelnature of the electrolysis reaction. The two-
electrode constant applied poteptial electrolysis cell was unusual
in that the current slowly increased for many hours before dropping
té near.zero values during the reduction of Fe(acac)3 in the presence
of 1~C_H._Br. This is.unexpected for a simple.regﬁction of inorganic

817 -

. material. Although the current behavior is interpretable in terms of
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',a drifting cathode po;enfial, it also suggests the possibility of an ECE
‘mechanism,

The cﬁrrent—tihé'behavior for the three-electrode constant working
. electrode potential electrolysis cell.iﬁ which Fé(acéc)3 was reduced in

the presence of 1—C8H Br was even more exceptional. After an initial

17 .
'cufreﬁt_decay, two current transients appeared each associated with an
increase followed Sy a decrease %n currépt.~ Further experiments noted
that these current transients-were separable. At aluminum electrodes,
the initial qurrent decay and the first current trgnsient were asso-
ciafed with the redﬁction of Fe(acac)3° The second curfent transient
iequired the first two curves to be presen£ and only formed when the 1-
octyl bromide was present in the electrolysis solution. ' This second
current transignt is associated with the reduction of an'organometalliq}
The first two current cﬁrveé also appeared during the electrolytic

reduction of Fe(acac)3, FeBr _, and Cu(acac)3 at a platinum-foil working

3
electrode.. Only a slow current decgy appeared during the electrolytic
reduction of Fe(acac)3 at é stainlegs steel working‘electrode.

Thg first current transient was ascribed to the difference in.
overpotential for the reduction of iron ions in the nonaqueous solu-
tion at an iron electrode compared to the same reduction at an alumi-

num or platinum—foil electrode. The overpotential for this reduction

at an iron electrode is assumed to be less than the overpotential for
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' the,saﬁé reduction at aluﬁihum or platinum-foil elec;rpdes. Since the
potentia; of Fhe working electrode.is not changed, this reduction in
6ve£§otéptial causes the current to increase. As thé £eduction of iron

" ions in solgtion‘continueé at the plated iron surfacé, the concentration
,'of the available electrophores drops and the curreﬁt dec;eases. The
'_jhéight’of this current transient was.noted to be aependent on the
identity of the.iron (IiIi salt used during the electrolysis. ,fhis
bbservation was interpre£ed to reflect the chelate éffect of a bidentate .
liéénd such as the acetylacetonate anion. The solutionxspecies that is “
: suscgptible to further reduction is the solvated iron (II) bomplex, ﬁ
Fe(DMF)2+. The concentration of this electrophore would be higher for a
monoaentate complex in equilibrium with this solvated iron (II) than for
a ﬁidentate complex. This current trapscient is not present at stain-
less steel_electrodes because iron centers are éifeady available on the
surface of this electrode material.

) Tﬁe historf of the aluminum electrodes change§ the nature of the

first two current curves. The first current transiéﬁt is not ob-

sérved when the aluminum elgctrodes are not previously ‘cleaned in an

acid solution. Furthermére, the initial 'current for untreatédAalﬁmi-

num electrodes is not high and rapidly decays to background levels.

As the strength of the gcid wash changes, the first two curves also

change, increasing in total current with increased acid strength.
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These resuits.are interpreted in light of the aluminum oxide layer
~bresent on the surface of the aluminum electrode. The oxide is an‘
iﬁsula£ing layer, therefore it hinders electron transfer between the
glec££dde.and the electrolyte solution. The removal of this oxide
coating or é reduction in its thickness by acid washing the electrodes
before use‘faqilitates electron transfer. This iﬁcrease in the rate
‘of-électron transfer across the electrode-solution.interface is demon-.
strated by an increase inithe cell's current.

| The.total current flowing fhrough the cell affects the yield of
coupled product while changing the concentration of the bulk splution
components has no obseryablé effect on the.yield of coupled products.
This effect of the total current was originally coﬁsidered_fo be asso-
;iated'with_the preéence of surface alkyl radicals.: However, as the
total current decreased; the production of coupled p;oduct, envisioned
* . to be formed by a bimolecular proéess Betwéen two surface radicals,
iﬁcreased. This inyerse relationship is unexpected for surface rad-
icals since the concentr;tion of these ¥adicals should decreése‘with a
decrease in current. The observed trend is in harmony with plating
technology. High currents remove the metal ion electrophore from the
.électrical double layer. .This reduction of the doﬁble layer coﬁcgh—
ération generally leads to a flaky metal deposit. Lower current

. levels produce -a smoother electrochemically plated surface.
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The oorreletion of tﬂe £ype of metal deposit on the surface of
tﬁe electrode and the yield of coupled product suggests that the
reaotion is heterogeneous and not homogeneous as p:eviously postu-

lated. Several experimental results substantiate the heterogeneoue

nature of this reaction. First, the generation of coupled product was .

'demonstrated to occur only at an iron-plated aluminum electrode rather
than'in a preredﬁced-iron solution. Similarly, coupled product‘wae
also obtained at an iron—blated platinuﬁ eleotrode; but not at a
-élatinum—foil electrode in an iron-free solution of l-octyl bromide.‘
Finally, electron micrographs of the surface of two'iroh-pletedﬂalu—
‘minum electrodes demonstrated'that high yields of couéled'pfodﬁct
were obtained with an iron oeposit composed of platelets of‘material
rather than a grainy deposit. This correspondence Qas obeerved‘for
electrolysis cells that were identically assembled and operated. An
epitaxiai effect by the surface of'the aluminum working electrooe is
.suggested to account fo; the difference in the physical appearance of
the iron deposit, the_wide scatter in yields of coupled products for
supposedly ‘identical reactions, and the noted‘effect_of the eleo—

" trode's history.

The rapid current increase on the addition of l-octyl bromide to

a preelectrolyzed solution of Fe(acac)3 is reconcilable in terms of
the heterogeneous nature of the reaction. An active iron deposit is

available on the surface of the workiﬁg electrode after the
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préelectrolysis; The l-octyl bromide rapidly reacts with this pléted4
irvon surface in an oxidative addition type process leading to the
;;kyl iron (II) haliée or an alkyl iron (I) dﬁd iron (I) halide surface
complex. Tﬁe rapid-éurfent increésé corresponding to- the secbnd current -
trénsient démonstrates #hat this oxida£ive addition is Véry rapid. This
.curfenF increase correspond; to the reduction of an alkyl-iron (II)
halide center or to an iron (I) halide center leading to the formation
of X in solution and a reduced iron center. The adsorﬁed surface alkyl
radical can couple or dispfoportionate with another surféce radical
either on the surfacé of the working electrode or in the electrical
dquble layer. This procéé; corresponds to a net one—electron transfer
-per mole of alkyl haiidé. Integrating the area beneath'this last
Eurrent transient supports the one-~electron transfei process. Thus, thg
production of orgaﬁic products is heterogeneous'apd electropatalytic°
This latter conclusion foliows from the generation of an iron ion during"
the chemical transformation leading to the surface species which is then

subsequently reduced.




EXPERIMENTAL

"Tetfaethylamﬁonium Bromide (TEAB)

| An equal molar (1.5 M) mixture of triethylamminé and ethyl-bromide
wés refluxed for 24 hours in tolueﬁe. The precipitated‘ammoniuﬁ sglt
] wés filterea, wéshed with toluene, gnd recrystallizea from a benzene-
ethanol mixture. The resulting crystals were‘dried in a vacuum desie-
cato? at 60°C. After drying, the crystalé were stored in an .ambient

dessicator.

Tétraethylammonium Perchlorate (TEAP)

A séturated aéueous solution of 26.5 g (125-m@oleé) of TEAB in
abou£ 40 ml of water was treated with 10.5 ml (aboﬁt ;30 mmoles) of
aqﬁéous 7b.to 72% perchloric acid. The crude insoluble'perchlqréte salt
;o'formed Qas cooled and then filtered. The salt was washed several
tiﬁes with cold water and then rgcrystallized from water. The resulting
pure crystals were dried ét 100°C in a vacuum desiccator. After dfying,

" the crystals were stored in an ambient desiccator.

Iron (III) acetylacetonate [Fé(aéac)3]

Fe(acac)3 was prepared by mixing stoichiometric amounts of FeCl3
and ammonium acetylacetonate in an agqueous solution. The latter was
prépared by'adding equal molar solutions of 2,4-?entanedione and
concentraéed ammonium hfdfoxide. A da{k red precipifate forméd. The

- precipitate was filtered and washed several times with cold water. The
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" precipitate was air dried prior to recrystallization from a hot

; methanol-water solution. The recrystallized Fe(écac)3 was again col-
1eéted and allowea‘to air.dry followed by vacuum dr?ing at 60°C. The

Fe(acac)3 brepared by this method decomposed at 184°C (uncorrected).

N,N'—Dimethfiformamide'(DMF)

| 'Baker Analyzed®' reagent gradé DMF was atmospherically Qistilled.'
The middle fraction (bp 144°C) was collected and stored in a brown
bottle ovef Linde.4A molecular sieves. The solvent was used within

fourteen days of the distillation.

Other Reagents

The n-octyl bromide used in this study was purchased from Aldrich
Chemical Company as Qas tﬁe triphenyl phosphine, Ph3P. ‘The internal
standard used for the gas chromatographic analysis was "Qold label"
n-decane also purchased from Aldrich éhemical Company .

Vanadium oxysulfate, VOSO4°xH20, was obtained from Alfa Inor-
ganics, Inc. This material was used to establish the reliability of
the reference electrode.

Other organic substrates used in this work were obtained from
_various distributors. The n-octyl chloride and o-dibromobenzene were
purchased from Aldrich Chemical Company. The é-broﬁooctane was ob-

tained from Eastman Kodak Company. Chem Services provided the acid

halo esters used in the screening reactions. These latter substrates
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were of technical grade and included ethyl bromoproprionate and ethyl
. chloroacetate. Bromobenzene, allyl chloride, and tertiary butyl bromide

were also provided by Chem Services.

Eguipment g

A Heathkit Regulated L.V. Ppwer Supply Model IP-27 was used as a
constant applied potential source for all of the two-electrode elec-

- trolysis reactions. This power supply was slightly modified, mHK, to
accommodate the three-electrode constant working electrode operation.
The modification simply introduced an operational amplifier circuit into
the control assembly. One input of the operational amplifier was the
feference electrode; The output of the operational amplifier was then a

/ﬁsignél for increasing or decreasing the applied poteﬁtial.

The circuit for the potentiostat which R. D. Geer designed'and
asgémbled, GP, is presented in Figure 32. All of the components of this -
potentiostat are solid-state devices. The potentiostat is powered by a
ilSV Hewlett-Packard Power Supply with 0.75A current output. The poten-
tial dfop between the reference electrode and the working electroae is
meésured at EW using a high.impedance digital voltmeter. Since this
is the 6utput side of the operational amplifier, limited current is
drawn through the reference electrode. The electrolysis current at-

tained with this potentiostat was continuously recorded usinga variable

speed Heath  Servo-Recorder Model EUW-20A. A 1.02 ohm resistor was




Figure 32.
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connected across the recorder'é input and ground terminais in order
. to provide the poteﬁﬁial‘drop necessary fo¥ the recorder to functibn.
Maximum electrolysis currents were controlled by replacing the resis-
tors lébeled R2 with appropriately sized resistors. Five resistorsn
'weré used in this study.- Table XXXI lists the size of the resistor

and the maximum current obtained.

Table XXXI. Current Maximum for Appropriately Sized Resistors Used

at Rz
R, (ohms) . Current Maximum (mA)
3.3 o 200
4.7 o 3 145
6.8 ' o 98
12 o 70
27 : o 25

Potentiometric mea'surements were obtained using a Heath EU~401
series polarography system. The polarographic measurements were made
with thfee—electrode poténﬁiostatic control of the workiné electrode's
potential. The electfode assembly consisted of an 18-guage platinum
spiral counter,electrodg; the dropping mercury working eleétrode, a#d
the appropfiate refe?ence electrode.

Reaction products'and-starting materials were analyzed using a

Varian Aerograph Model 1740 gas chromatograph equipped with
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temperature programming, flame.ionization detector, and a Varian Cﬁ—S
mé;s specffoﬁeter. feak areas of gas chromatograéhed samples were
énalyzed using a Spectra-Physics Minigrator which was referenced to
hjdecané as an internal standard, and by mass spectral fragmentafion
patterns.:

Spectroscopié analysis was performed using a Varian Cary—i4
Spéctrophéfémeter. The cell path length used for both the apalyfe
COmpartmeht and~the blahk compartment was 1.0 mm; The cells were made

of silica.

Reference Electrodes

| The glassy carbon reference electrode was prepared by sliding a
piece of glassy carbon rod, 3 mm in diameter, into an appropriately
sized polypropylene sleeve that was approximately 150 mm long. Elec-
trical contact between an external lead and the gldssy carbon tip was
made by éxténding a piece of single stranded wire down ?he central
bore of thé polypropylene agd into a mercury pool placed’on the glassy '
carbon insert. |

The cadmium amalgam reference electrode was prepared by electro-

lyzing an aqueous solution of cadmium sulfate at a mercury cup cath;
ode. Cadmium sulfate (12.0 gi was dissolved in 50 ml of distilled
water acidified to a pH of 0.5 with concentrated sulfuric acid Kl mb).

This solution was placed in the cathode compartment of the electrolysis.
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cell. The electrolysis cup;was filled with 6.4 g of,triply distilled-
mercury and immersed into ‘this solutién.. The anode compartment con-
. sisted of a Pyrex test tube with a cracked glass jupctioh, a piece of
: lB;gaugé platinum'wire, gnd-a similarly acidified wéter solution less

the:CdSO4.

A SCE feferénce electrode was immersed into the ¢a£hodg
compartment. After-pufging the system with nitroéen/ NZ; the poten-
'£iai of the cathode was maintained at approximately~—l;dvlys SCE
[Ef)z,cd(ix)/cd(ﬂg) — ~0.594Y vs SCE (179)1.. Nitroge#‘wés bubbled
”slowly.through the cathode compartment during the full course of the
‘-reaetion. The‘electfolysis was allowed to continue until the mércury‘
caﬁhoae became a crysﬁalline amalgam. The amalgam was pemovéd} waéhed

. four times with distilled water followed by eight washes with DMF.

O (0.15 g) were added to the

-Sodium chloride (0.30 g) and CdCl, < 2H,

aﬁalgam._ The amalgam and salts were grouﬁd with qlglass'rod_until a

' pniform mixtufe was osfained. Triply distilled me?cury wgs ;dded as
necessary to get the proper-consistency. Thé.émalgam was loédea ihto
two reference eiectrode assémbliesAdiffering only in the nature of the
'_liqu;d jupction. One junction was pfepared from porous Vycor’ .(Corning '
‘Glassware; "thirsty glass") the other juriction was a cracked glass
juncfibﬁ. The reference electrodé was assembled by placing a piecg of
glass wool above the junctions and then adding a small aliquot of a

*2H.0. All air bubbles in

DMF . solution saturated with NaCl and CdCl2 >

‘the glass wool were removed; The cadmium amalgam was then placed
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above the glass wool, forming a porous plug about 15 mm deep. :More‘NaCl
and.CdC12=2H20 saturated DMF was placed above the amalgam. Electrical
contaét was made with.a piece of platinqm wire sealed into a piece of
ssft glaSS'£ubing. -The‘ff was forced into the cadmiuﬁ;amalgam'slurry. 
Fiﬁally, a few drops‘qﬁ triply distilled mercury was poured down the
soft-glass caning and extérnal electrical contact was made by sliding
a piece of singly stranded wire down the tubing and into the mercury
pool.

The performénce of é new reference electrode.was evaluated using
the half wave potential for the reduction of a metal ion in an appro-
priate solvent and comparing this potential against'the resulfs Qb—
tained with a known standard reference electrode or fhe reported lit-
erature values.

The glassy carbon reference electrode was used as the référence
for the polarographic.analysis of a lO_3 M and a 10_4 M niékel sulf;te
solution both in 1.0'M.Kci. The solvent was water, therefore the
half-wave po;ential for the~Ni(II) was compared against that measured
versug the SCE standard. The glassy carbon reference drifted while
the SCE remained relatively stable.

The cadmium amalgam referencelelectrode was used to monitor the
half—wave.potential of the vanadyl ion in vanadium oxysulfate. The
reduction potential was compared against the reported literature

values (121,122). This method of examination was also used before and
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after a macroscopic electrolysis to insure the integrity of the refer-

ence electrode during the course of the reduction.

Electrodes

‘Tw; aluminum.alioys and one stainless steél alloy were used for
electrodes in the two-electrode and three-electrode cells. The com-
'poéition of one of the aluminum alloys was unknown. Table XXXIT lists
the composition of the known a;gminum alloy, 606IT6, and the stainless
steel alloy, 302. .The dimensions of the surface of‘fhese electrodes
normally exposed to the electrolysis solution was 35 mm’x‘40 m
x 0.9 mm. |

The aluminum eleéfrodes were pretreated using a hydrotho¥ic
acid bath. The acid bath was generally prépared 5y addiﬂg 1.6 ml of
conce&trated HC1 té 60.0 ml of distilled ﬁater.. The aluminum elec-
trodes were immeréed in this bath for 15 minﬁﬁés pr;or‘to‘use in the
electrolysis cell. Just before these electrodes were placed in the
electrolysis cell, they were removed from the acidibath, rinsed with
~ water, and dried by rinsing them in organic solvents. Stainless'steel
electrodes were also pretre;ted.the same way.

The platinum foil electrode was donated by Dr. Eric érimsrﬁd.
The dimensions of the foil were 34 mm x 12 mm.

The‘geometric surface of these electrodes changed during the

electrolysis as a result of plating. Also, the counter electrode or
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'Alloy Composition for Aluminum and Stainless Steel

(180,181) .
Element Aluminum Stainless Steel
S 606I1T6 . 302
% %
si 0.4 to 0.8 ' 1.00 max
Fe | 6.7 67.8 to 71.8
- Cu 0.15 to 0.40 -
Mn 0.15 2;00.max
Mg 0.8 to 1.2 ——
cr 0;04 to 0.35 17.0 to 19.0
Zin 0.25 -
Ui 0.15 -
al 95.85 to 97.21 -
Ni : - 8.0 to 10.0
s - 0.03
‘P - 0.045
o — 0.15

other
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anode dissolved during the course of the reaction. Therefore, current

densities were not calculated.

”Eledtrolysis Reaction

in a typical reaction, to 60 ml of DMF in a lOO—ﬁl Berzeliﬁs‘
:beéker were added Fe(acac)3 k4.4 g, 12.46 mmol), triphenylphosphine
(1.5 é, 5.66 mmol), tetraethylammonium bromide (0.855 g, 4.07 mmol),
a_t;qd l-octyl bromide (8.6 ml, 49.03 mmol). A rubber stopper fitted
with cleaned aluminum elegtrodes was used to seal the beaker .for all
the two-electrode work. .Tﬁe rubber stoppér was adapted to house the
reference electrode for use in a thfee—eiectrode electrolysis cell.
Nitrogen was bubbled through the stirred solution until all the.
solutes diséolvea. The two—eléctrode constant applied potential
electrolysis cell was generally operated at 1.5V applied potential.
.Thé phree—electrode elec£roiysis cell was usually operéted with a
_ wérking electrode potential setting of -~0.90V vs CAd(Hg). This three-.
electrode cell occasiQnally.went into a current—limiting mode. Dur-
ing such times, the working electréde potential shifted to potentials
anodic of -0.9V vs Cd(Hg). The two-electrode electrolysis cells,nor—‘
mally were operated for 70 hours. Thé.three-electrode electrolysis
cells were operated for 24 hours.

Octane and octene were removed from the electrolyzed solution by

vacuum distillation. These products were analyzed by gas
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chroma£ography using nfdeqane as the internal standard; .An 8-ft col-
" umn packed with 20% Carbowax 20 M on 80-100 mesh Chromosorb W was used
to séparate octane from octene‘ana a‘6—ft‘coiumn of S%ISE—30 6n 80~
;Oonmesh Chromosorb W was used to separate l-octyl brqmide from DMF.

| The pbt residue was treated with 100 ml of dis£illed water acid-
ified with 2.0 ml copcentrated HCl. This équeous solution Qas ex-
tracted with five 50 ml aliquots of ether. The ether solution was
dried over aqhydrous,magnesium sulfate,Afiltered, and evapérétea by a
?otoevaporator. Liqﬁid chromatography on a 46x2 cm Eolumn of acti—
vated acidic aluminum oxide eluted with hexane was used to separate‘A
hexadecane aﬁd unreacted l-octyl bromide from other gegidues confained
in the ether‘extract. After soivent evaporation 6n a rotoevaporatof,
the products were analyzed by gas chromatography using'n—decane as the
internal standard. The same columns as used for the analysis'of
.octane and l-octene were used to analyze the recove;ed hexadecane and
l-octyl bromide. If fhere was no precipitate formed in the:ether ex-
tract after rotoevaporation, the liquid chromatégraphy step was
omitted and this extract wéé‘analyzea directly.

Tﬁe per éent yielas were based on the amqﬁﬁt of l-octyl bromide
which was pnrécove;ed. The amount of l-octyl bromide‘that wéélunrei
covered waé calculated from thé khown amouhthéf l-octyl brom;Qe orig~"
inally -added to the eigctrolysis celllless>the amount of l-octyl bro-

mide recovered after the elecfrolysis reaction. The per cent reaction
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is the amount of unrecovered l-octyl bromide divided by the original

amount of l-octyl bromide added to the electrolysis cell.

' Perturbation on Standard Cell

| Other organic halides were used in the eleétrolysis cell. The
concentration of these substrates duplicated the concentration of
n-octyl bromide ip all'cases. The cohcéntration of other cell com-
ponents remained unchaﬁged.

:The attempts £o opfimize the yield of'coupled product by vary-
ing the concentration 'of the cell coﬁponents was accoﬁplished by inde-
pendently varying the céncentration of the degired constituent, All
other solution components retained their concentration as given in

the general reaction.

Spectroscopic Analysis

Blanks for the doublé beam instrument were prepared from the
genergl electrblysis cell solution less the inorganic éhromophore.
A 0.1 ml aliquot of this colorless electrolysis cell so;ution was
‘diluted to 10.0 ml with DﬁF. The Fe(gcac)3 was added to the eleéf
trolysis cell., Aliquots of‘O.l ml were periodically remb&ed from
the cell during electrolysis, dilﬁted to 10.0 ml with DMF, and spec-
tréphotomet;ically analyzed. Those sélutions containing other ihor—

ganic ion chromophores were treated siﬁilarly.
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Polarography

3Mto 107 u

Polarographic cells were assembled_using a lOf
solution of the appropriate electrophore. The solvent was DMF con-
taining either 0.10 M tetraethylammdnium bromide or 0.10 M tetra-

ethylammonium perchlorate. The latter quaternary base electrolyte

was used for purposes of increasing the anodic window.
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APPENDIX




- Uv-visible spectroscopic analysis was performed on a number of electrolysis solutions.
Occasionally, these examinations were recorded as a function of time. The general charac-
teristics of a cell and the results of the uv-visible examinations are reported below.

¥ XIaNdadvy

Reaction - General Cell Description Time Absorbance
Number (hours) [A(nm) (abs)]
NIlOo6 = 1.5V for 2—electrode cell; Al (unk) 0 353(0.80), 435(0.83)

e%ectrodes, products present but not 20 352(0.76), 433(0.71)
quantitatively determined. Fe(acac)3 113 365(0.73)
present at t = O. . 209 367 (1.32)
i
NIll4 = 1.5V for 2-electrode cell Al (unk) -0 353(0.80), 435(0.83
e%P trodes; 17.2% RH, 6.2% R(-H), 20.7% 20 345(0.67), 427(0.50
2, Fe(acac)3 present at t = 0. 88 367 (1.34)
NI120 = 1.5V for 2-electrode cell; Al (unk) 0 353(0.85), 435(0.86)
eﬁgctrodes, 5.4% RH, 2.6% R(-H), 25.3% 21 350(0.73), 425(0.61)
R.; Fe(acac), present at t = 0; no 72 367(0.97)
P 3P used in this cell.
NIIl46 E =--O.3V for 3-electrode cell; Stainless 0 354(0.74), 437(0.73)
s%gel electrodes; Fe(acac) _ present; 1o 1 353(0 78), 435(0.71)
1i- C8H17Br used in this cel 3 344(0 85), 357(0.81,

shoulder), 434(0.69)

NIIlZ7 - E -0.9V for 3-electrode cell; stainless 6 354 (0.76), 438(0.71)
“s£eel working electrode, Pt-counter -elec— 24 351 (0.70), 444(0.60)
trode; Fe(acac) ., present; no 1-C_H ZBr ' Pt.counter electrode
-present; TEAP uSed rather than TgAé probably oxidizing Fe(II) ~

to Fe(III).




Appendix A (continued)

Reaction General Cell Description Time Absorbance

Number (hours) [A(nm) (abs)]

NIIl49 E = =0.9V for 3~electrode cell; stain- 24 354(0.70), 437(0.67)
less steel working electrode, Pt counter 48 354(0.63), 437(0.60)
electrode; Fe (acac)_, present; no l-C8H17Br. Br_ or Br. probably
present; TEAB used instead of TEAP. formed at Pt counter elec-
trode and chemically
oxidized Fe(II) to Fe(III).
NII150 E?e = =0.9V for 3-electrode cell; Hg-pool 24 354 (0.49), 437(0.67)
' worEing electrode, Pt counter electrode;
same solution conditions .as in NIT149;
little current.
NIIl51 E = =0.11V for 3-electrode.cell; stain-~ 18 . 354 (0.60), 442(0.61)

’ 1£Ss steel working electrode, Pt counter 24 355(0.59), 447(0.59)
electrode; Fe(acac) _ present, 1-C Hl Br ’
present; 8.9% RH, trace R(-H), 6.8% gz,

62.8% rexn.
NII153B Efe = -1.50V for 3-electrode cell; stain- 20 342(0.63), 400(0.35)
: less steel working electrode, Pt counter -
electrode; no Fe(acac) present,_l—d H._Br
3 817
.present.
'NII1S55 Solutions of other chromophores were pre- Br2 400(0.15) -

7 pared in concentration duplicating the - FeBr 390(0.45), 470(0.27)
concentrations-of Fe(acac).,. These solu- Ni(acac) 300(2.00), 315(1.44,
tions were examined with uv-visible Cr(acac)3 shoulder)
spectroscopy. : 339(1.29), 386(0.05)

€z




Appendix A (continued)

- Reaction General Cell Description Time Absorbance
Number ' (hours) [A(nm) (abs)]
NII1l57 Er = ~0.9V for 3-electrode cell. alu- 24 350(0.48), 366(0.43)

’ minum 606IT6 electrodes; preelectro- 36 357(0.50), 367(0.51)
lyzed Fe(acac) for 24 hours; added '
1-C_H. _Br at 24 hours and continued
electrolysis for additional 12 hours; )
8.3% RH, -2.8% R(~-H), 39.0% R2 66.0% rexn.

NII1&O Ere‘ = ~0,.9V for 3-electrode cell; alu- 24 350(0.34), 365(0.30)
minum 606IT6 electrodes; Fe(acac), pre- 48 351(0.37), 367(0.34)
electrolyzed for 48 hours, electrodes 68 352(0.34), 367(0.34)
removed and 1-C_H. _Br added; 0.04 mmol
RH, 0.06 mmol R? ﬁ;

NIIlel E = -0.9V for 3—electrode cell; elec- 48 351 (0. 34, shoulder)
troges from NII160; iron-free solution 377(0.25, shoulder)
containing 1- c Hl Br; 9.2% RH, 3.1%

R(-H), 62.8% R R ZG 4% rexn; Electrolyzed
for 48 hours.

NIIl6B E = ~0.9V for 3-electrode cell; 606IT6 0 330(0.54, well) 354(0.74),
worELng electrode, stainless steel coun- 380(0.39, well), 437(0.74)
ter,_Fe(acac)3 present no 1- C8H17Br. 3 330(0.80, well), 343(0. 83),

. - 357(0.77), 380(0.43, well),
. : 435(0.65)
21 330(1.58), 340(1.50), 357
- (0.85, shoulder), 380(0.50,
well), 423(0.54)
43 321(1.96, well), 354(>2),

455(0.29)

ez




Appendix A (continued)’

- 1-C -Br not presen%

efectrodes, FPe(acac)_ not present;

8 17

Reaction General Cell Description Time Absoibance
Number (hours) [A(om) (abs)]
NII169 ~0.9V for 3-electrode cell 0 355(0.71), 437(0.71)
66%§T6 working electrode, Pt counter 17 354(0.67), 437(0.59)
electrode; Fe(acac) present, no '
. l—C8H17Br.
NII170 B = -0.9V for 3—electrode cell; Pt - 12 355(0.59, shoulder),
worglng electrode, 606IT6 counter _ 430(0,41)
electrode; Fe(acac) present, no 22 355(0.54, shoulder),
| 1- C8H17Br. 430(0.35)
NII173 E_ ¢ = -0.9V for 3-electrode cell; stain- 10 370(0.60)
less steel working electrode, 606IT6 coun- 22 372(0.88)
ter electrode; Fel(acac)_ present, l C8Hl7Br
present; 30.1% RH, 17.1% R(-H), 19.1%
R2,,100%.regn. -
NII174 E = -0.9V for 3-electrode cell; 606IT6 120 no chromophores

Y44
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