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Electrohydrodimerization Reactions

IV. A Study of the Effect of Alkali Metal lons on the Hydrodimerization
of Several 1,2-Diactivated Olefins in DMF Solutions
by Chronoamperometry and Chronocoulometry

Mark J. Hazelrigg, Jr. and Allen J. Bard*
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712

ABSTRACT

The reduction of the activated olefins: dialkyl fumarates (alkyl = methyl,
ethyl, butyl), ethyl cinnamate and cinnamonitrile in tetra-n-butylammonium
iodide-dimethylformamide solutions in the absence and presence of Li*t,
Na*, and K+ was studied by double potential step chronocoulometric and
chronoamperometric techniques, cyclic voltammetry, and controlled poten-
tial coulometry. The results in the absence of alkali metal ions confirmed the
previous mechanism involving formation of the radical anion, R+, followed
by dimerization; no evidence of appreciable adsorption of the parent olefin
or R~ was found. The addition of alkali metal ion (M*) greatly increased
the rate of the dimerization reaction and a mechanism based on formation of
the ion pair, M*tR~, followed by reaction of M*R~ with R~ or coupling of
two M*R~ species is proposed based on an analysis of the kinetic data. The
addition of Lit also decreased the extent of polymer formation during bulk
electrolysis experiments.

The mechanism of electrohydrodimerizations (1)
(Eq. [1]) of activated olefins and related substances
has been the subject of numerous investigations

2R + 2H?* 4 Ze—> RoH, [1]

in recent years. The mechanism which has emerged,
based on chronoamperometric (2), rotating ring-disk
electrode (3, 4), electron spin resonance (ESR)
spectroscopic (5), linear scan voltammetric (6, 7),
chronopotentiometric (8), and a-c¢ polarographic (9)
studies, is one in which the predominant pathway for
many compounds (e.g., dialkyl fumarates, cinnamo-
nitrile, «,g-unsaturated ketones) is an initial one-elec-
tron transfer at an electrode followed by dimerization
of the electrogenerated radical ions (Eg. [2] and [3]),
followed by protonation

R+ e R~ [2]
kg
2R~ —» R2?~ [31]

* Electrochemical Society Active Member. .
Key words: reductive coupling, electrolytic dimerizatjons, voltam-
metry, coulometry, ion pair formation.

Previous studies of electrohydrodimerizations of
activated olefins have shown a strong effect on the
electrochemical behavior on addition of alkali metal
ions. Baizer (1, 10) for example, showed that the
product ratios and reaction paths in reductive coupling
depend upon the cation of the supporting electrolyte.
Previous studies from this laboratory on the reduction
of diethyl fumarate in N,N-dimethylformamide (DMF)
solutions (2) showed that the addition of 1iClO4-3H0
in millimolar concentrations to DMF solutions contain-
ing 0.44M tetra-n-butylammonium iodide (TBAI)
caused the controlled potential coulometric napp-value
(where napp is the number of faradays consumed per
mole of electroactive species) to increase from 0.6 fo
1.0, indicating an increase in the extent of formation
of hydrodimer and a decrease in polymer formation.
The addition of these small amounts of LiClO; also
was found to increase the rate of the dimerization of
the radical ions, although a quantitative study of this
was not undertaken.

The alkali metal ion effect is most probably attribut-
able to ion-pair formation between the alkali metal ion
and the olefin radical anion. Ion-pair formation of
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radical anions of organic compounds with metal ions
in aprotic solvents has been of interest and has been
studied using ESR and absorption spectroscopy (11),
and polarography (12-15). Most of the previous elec-
trochemical studies have been concerned with anions
of aromatic quinones, nitrocompounds or carbonyl
compounds. Very little work has been done with ion-
pairs involving olefin anions. Ion-pairing affects the
electrochemical reduction of organic compounds in
different ways depending upon the electrochemical and
chemical reactivity of the ion-pair. For the Nernstian
reduction of neutral compounds which form stable
radical anions, ion-pair formation causes a positive
shift in Eq/p or Ey; this shift in the reduction potential
can be used to determine the ion-pair formation con-
stant, K, (Eq. [4]) where AE is

AE = (RT/nF)In(1 4+ K[M*]) [4]

the shift in reduction potential, [M*] is the metal ion
concentration, and K is the ion-pair formation con-
stant. For example, Peover and Davis (12) found an
ion-pair formation constant for the Lit*-anthrasemi-
quinone ion-pair in 0.1IM TEAP-DMF of 39 liters/mole
using this method.

Ion-pair formation has also been shown to affect the
rate of reactions following the electron transfer step.
For example, Philp, Layloff, and Adams (16) found
that Lit changes the electrochemical reduction path-
way of benzil. In the absence of Li*, benzil is reduced
in DMF solutions in 2 one-electron steps, while in the
presence of Lit, it is reduced in an over-all single
two-electron step. They proposed that a Lit-benzil~
ion-pair is formed which immediately undergoes a sec-
ond electron transfer at potentials of the original first
wave, Lasia (17) recently reported the effect of alkali
metal ions on the rate of dimerization of phthalic
aldehyde radical anion in DMF solutions using cyclic
voltammetric techniques. He showed that the rate of
disappearance of the radical anion increased by several
orders of magnitude in the presence of alkali metal
ion, with tthe rate of disappearance following the
order Lit > Nat > K+,

The work described in this paper was undertaken to
investigate the role of the alkali metal ion in the
dimerization reaction of activated olefin radical anions
and to ascertain if the reaction mechanism in the
presence of these metal ions was the same as in their
absence. A second purpose of this investigation, since
information about the kinetics of the over-all process
was to be obtained by chronocoulometric techniques,
was to see if any adsorption of parent species or inter-
mediates takes place. The previous investigations all
assumed in their data treatment the absence of adsorp-
tion and the occurrence of the dimerization reaction
away from the electrode surface. Although the fit of
the experimental data to theoretical models not in-
volving adsorption was very good, we felt that chrono-
coulometric techniques utilizing digital data acquisi-
tion (18, 19) would be a more sensitive probe of ad-
sorption. We have recently shown using chronocou-
lometry (20), that neither 9,10-diphenylanthracene
nor its radical anion are appreciably adsorbed in DMF
solutions at a platinum electrode.

The substances investigated in this study were all
activated olefins with the structure shown below

R

C=

H
/
c
/ N
H

Re

Dimethyl Fumarate:
O

I
R; = Ry = —C—O—CH; (DMeF)
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Diethyl Fumarate:
(0]

Il
R; = Ry = —C—O—CHy—CHj; (DEF)

Dibutyl Fumarate:
(0]
Il

R; = Rz = —C—O—CH,—CH;—CH>—CH; (DBF)

Ethyl Cinnamate:
(0]

I
R1 = -—CsHs; sz = -—C—O—CHQ,—CH3 (EC)

Cinnamonitrile:

R; = —C¢Hs; Rs = —CN (CN)
Fumaronitrile:

Ri = Re = —CN (FN)

Double potential step chronoamperometrie and chrono-
coulometric data were fit to theoretical models pro-
duced by digital simulation techniques (2), to obtain
rate constants of the reactions following electron
transfer.

Experimental

The general experimental techniques were the same
as those reported previously (2); a detailed description
is available (21).

Materials.—The solvent, dimethylformamide (DMF)
(reagent grade, J. T. Baker Chemical Company) was
purified by first storing over Linde Type 4A molecular
sieves for 48 hr to remove the water, then storing over
anhydrous cupric sulfate for 48 hr to complex dimethyl-
amine. The solvent was then distilled from a small
amount of molecular sieves and cupric sulfate using a
100 cm glass bead packed distillation column under a
nitrogen atmosphere of 15 Torr using a reflux ratio of
one. The middle 50% of the distillate was retained.
This was stored under a helium atmosphere and used
within three weeks of purification.

The supporting electrolyte, tetra-n-butylammonium
iodide (TBAI) (polarographic grade, Southwestern
Analytical Chemical Company, Austin, Texas) was
vacuum dried and stored in a desiccator until use,
Diethyl fumarate (DEF), cinnamonitrile (CN) (K. and
K. Laboratories, Incorporated), and dibutyl fumarate
(DBF) (Aldrich Chemical Company) were used as
received. Dimethyl fumarate (K. and K. Laboratories,
Incorporated) and fumaronitrile (FM) (Aldrich
Chemical Company) were sublimed twice before use.
Ethyl cinnamate (EC) (Aldrich Chemical Company)
was vacuum distilled twice before use. Lithium per-
chlorate, lithium iodide, sodium iodide, and potassium
iodide (reagent grade, J. T. Baker Chemical Company)
were vacuum dried before use.

Apparatus~—The electrochemical cell used in the
voltammetric studies was constructed from vacuum
glassware and had a 25 ml capacity and contained a
freeze-pump-thaw chamber and working, auxiliary,
and reference electrode compartments. The auxiliary
and reference electrode compartments were isolated
from the working compartment by medium porosity
glass frits. The cell contained four electrodes: a silver
wire reference electrode, a platinum disk micro-elec-
trode (0.013 cm?) for chronocoulometry, chronoamper-
ometry, and cyclic voltammetry, a platinum gauze
macro-electrode for preelectrolysis, and a platinum
coil auxiliary electrode. A second cell, similar to the
cell described above, was used for controlled potential
electrolysis. This cell had a 50 ml capacity and an in-
termediate chamber between the working and auxil-
lary compartments to prevent contamination of the
working electrode compartment by diffusion of prod-
ucts produced at the auxiliary electrode during bulk
controlled potential electrolysis, The working electrode

Downloaded 17 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Vol. 122, No. 2

in the coulometric experiments was a platinum wire
gauze (2 cm by 10 cm).

The silver wire reference electrode in TBAI-DMF
solutions was reproducible (less than 10 mV devia-
tion) and was stable for more than 24 hr (less than 5
mV drift). Its use avoided the water and KCI contami-
nation that sometimes results from an aqueous SCE
and also showed a smaller amount of a-c¢ pickup than
cells in which a conventional SCE was employed.

Cyclic voltammetry and controlled potential coulom-
etry experiments were performed with a PAR Model
170 Electrochemistry System (Princeton Applied Re-
search Corporation, Princeton, N.J.). Positive feedback
resistance compensation was employed. Double poten-
tial step chronoamperometry and chronocoulometry
experiments were performed with a multipurpose in-
strument constructed from solid-state operational am-
plifiers previously described (22-24), and also em-
ployed positive feedback resistance compensation (25).
The potential step was applied to the summing point
of the potentiostat by a Wavetek Model 114 Function
Generator. The length of the potential step was mea-
sured with a Beckman Berkley Model 7370 Universal
Eput and Timer. Initial and final potentials for the
potential steps were measured with a Fairchild Model
7050 Digital Voltmeter to an accuracy of #+ 1 mV.

Data for the potential step experiments were taken
using a PDP-12A computer system (Digital Equipment
Corporation, Maynard, Massachusetts) and generally
followed previously described digital data acquisition
techniques [see (21, 23, 24, 26-29) and references
therein]. Data sampling by the computer was syn-
chronized to the potential step by amplifying the po-
tential step and using it to trigger the real-time clock
of the computer. The real-time clock in turn initiated
data sampling at a rate determined by the computer
program. The PDP-12A data acquisition program al-
lowed sampling of 50 data points on the forward pulse
and 50 points on the reverse one. These could be dis-
played, subjected to an internal least squares routine
in studies of adsorption, listed, or printed as i(2t)/
i(tr) or @(2tr)/Q(tr) where tr is the forward pulse
length, i(t;) and @ (tf) are the current and accumu-
lated coulombs at t¢ respectively, and i(2ts) and
@ (2t¢) are these values at time 2t;.

Typical experimental procedure—The platinum disk
electrode was polished with AB ALPHA polishing
alumina (Buehler Limited, Evanston, Illinois) before
each experiment. The cell was assembled and pumped
down on a vacuum line (10-5 Torr) for 1-2 hr. The
supporting electrolyte was vacuum-dried in a transfer
vessel. DMF was then vacuum transferred to the trans-
fer vessel containing the supporting electrolyte to give
a volume of 25 or 50 ml. After the supporting electro-
lyte dissolved, the solution was subjected to three
freeze-pump-thaw cycles to remove any traces of oxy-
gen. The solution was then vacuum-transferred to the
electrochemical cell, brought to atmospheric pressure
with high purity helium (989.995% Matheson Gas Prod-
ucts, La Porte, Texas), and allowed to equilibrate for
1 hr.

Liquid olefins and concentrated solutions of alkali
metal ions were then added to the electrochemical cell
as needed through a septum cap with the aid of sy-
ringes. Solid olefins were generally added with the
supporting electrolyte in the transfer vessel. Concen-
trated alkali metal ion solutions were prepared in a
vacuum vessel in a manner similar to that of the sup-
porting electrolyte solution, except, that the DMF was
freeze-pump-thawed several times both before and
after the addition of the metal iodides. This was done
to prevent the possibility of air oxidation of iodide to
iodine in the presence of metal ions such as lithium.

Results
Theoretical models.—The method of obtaining ki-
netic and mechanistic information from the double
potential step experiments generally followed that de-
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scribed previously (2). Briefly, digital simulations (30)
of the current (i) and coulombs (@) flowing during a
potential step to the limiting current plateau of the
first reduction wave (production of R~, Eq. [2]) and
of i and @ during a reverse step back to the foot of
the wave (oxidation of R™) were carried out, for dif-
ferent values of the rate constant of the dimerization
reaction, Eq. [3]. For completeness, other possible re-
action sequences leading from R~ to hydrodimer were
also considered; these are shown in Table I. Simula-
tions employing 1000 iterations were used and tables
of the normalized current and coulombs as fiinctions
of the dimensionless parameter k2t:C were generated.
These were then used to generate tables of i (2t¢) /i(ts)
and @ (2t;) /Q (ty) as functions of kot;C. To fit the ex-
perimental data to the models, it is convenient to
normalize these current and coulomb ratios and to
represent these ratios as functions of a particular time
when these ratios attain a certain value. The normal-
ized ratios were obtained, as previously (2), i.e.

Ry = [i(2t;) /4 (t£) 170.2928 [5]
[Q(2ts) /Q(te) ] — 0.414
Q= [6]
0.586

so that Ry is 1 and Rq is 0 in the absence of kinetic
complications (ke = 0), with Rj decreasing to 0 and
Rq increasing to 1 for very large values of kat;C. In our
previous work (2) we picked as the time reference
point that value of kot;C where R; = 0.5, calling this
point t1/2 and using plots of R and Rq vs. ti/2 to de-
termine the mechanism and the rate constant. Because
we make greater use of the Rq curves in the present
work, we found it more convenient (and somewhat
more diagnostic since the curves for the different pos-
sible mechanisms were more spread apart) to use as
a reference point that where Rq = 0.4; this value of
koteC is designated as Tq.4. A plot of R1 and Rq vs. Tqa
is shown in Fig. 1 and, as an aid for others desiring to

Table 1. R(Q) and R(I) vs. Tq.4 (up to eight Tq 4 values) for
four possible electrohydrodimerization mechanisms(@)

Mechanism I  Mechanism 2 Mechanism 3 Mechanism 4
T/Tos R(Q) R(I) R(Q) R R(®Q) R(I) R RO

0.00 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000
0.30 0.179 0.v78 0.173 0.635 0.168 0.633 0.180 0.858
0.50 0.282 0.680 0.256 0.488 0.252 0.485 0.261 0.790
0.80 0.35¢ 0.575 0.350 0.338 0.350 0.337 0.352 0.711
1.00 0.401 0.522 0.400 0.269 0401 0269 0.399 0.669
1.30 0461 0459 0.462 0.192 0.468 0.196 0.453 0.619
1.60 0.504 0.413 0.511 0.139 0.521 0.145 0.497 0.576
2.00 0551 0.364 0.565 0.091 0.577 0.098 0.542 0.532
2.40 0.588 0.326 0.607 0.061 0.622 0.069 0.577 0.496
2.80 0.618 0.286 0.642 0.040 0.659  0.049 0.605 0.467
3.20  0.643 0.271 0.671  0.027 0.689 0.035 0.629 0.442
3.60 0.664 0.250 0.695 0.018 0.715  0.025 0.647 0.422
4.00 0.683 0.233 0.716 0.012 0.737 0.018 0.664 0.403
440 0.698 0.218 0.733  0.008 0.755 0.013 0.678 0.387
480 0.712 0.205 0.749 0.006 0.772 0.010 0.690 0,374
520 0725 0.183 0.763 0.004 0.786  0.007 0.701  0.361
5.60 0.736 0.183 0.775 0.003 0.798 0.005 0.710 0.350
6.00 0746 0.174 0.785 0.002 0.809 0.004 0.719 0.340
6.40 0.754 0.166 0.795 0.001 0.819 0.003 0.726 0.331
6.90 0765 0.157 0.805 0.001 0.830 0.002 0.73¢4 0.321
7.50 0775 0.147 0.816 0.000 0.842 0.001 0.743 0.311
8.00 0.783 0.140 0.824 0.000 0.850 0.001 0.750 0.302

(&) Mechanism 1. Second order dimerization [Mechanism V in (2)]

o - 2
AtE;: R + e-> R* 2R* - Re>-
AtE2z R* »> R + ¢

Mechanism 2. Second order EC r [Mechanism III in (2)]
2
At Ei: R + 2e > R2- R2- 4+ R - Ro?-
At Eo: R2-—> R + 2e
Mechanism 3. Second order ECE [Mechanism IV in (2)]
- 2
AtE:R +e>R* R* + R- Re
AtEs: R* > R + ¢
Mechanism 4. Second order ECE
As Mechanism 3, except:
AtExxRT™ > R + e
Re* - products + e
Rate constants for each mechanism can be calculated by the fol-
lowing equations: Mechanism 1, k2 = 0.755/Tq..C; Mechanism 2, k2
= 1.92/Tq.«C; Mechanism 3, kz = 1.45/Tq.4«C; Mechanism 4, k2 =
3.86/Taq.4C.

[Mechanism IVA in (2)]
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Fig. 1. Variation of the normalized coulomb (A) and current (B)
ratio parameters as a function of Tq4 lifetimes for the different
mechanisms considered.

use this procedure, the data is tabulated in Table I. In
use the experimental R1 and Rq values are plotted
against t;, and the time axis then recalibrated in terms
of Tq.4 values. The fit of the experimental curve to the
different model curves reveals the best mechanism, and
the Tq.4 value for that mechanism, knowing t: and C,
yields ko (Table I).

Models in the presence of alkali metal ions.—The re-
sults show (see below) that the hydrodimerization
mechanism involves coupling of the radical anions
(Mechanism 1) even in the presence of alkali metal
ions. The involvement of alkali metal ion could pro-
ceed by ion pair formation, followed by reaction of ion
pair with free radical anion

‘ ka1
R= 4+ M*R™ — dimer [7]
or by coupling of two ion pairs
ks
2M+R~ —— dimer {81

If one assumes that these are the rate-determining
steps, i.e., that ion pair formation and dissociation are
so rapid, that reaction [9] can be considered at equi-
librium

Mt - R-2M* R~ [9]

the over-all reaction velocity for the two paths can
be obtained by combining the equilibrium constant
expression for [9] (Eqg. [10])

K= [M*R-1/[M*][R~] (10}

with the rate expressions for [7] and [8]
v7 = ka1 [R71[M*R™] [11]
vg = kpp[M*R~]2 [12]

Taking the analytical concentration of radical anion as
Cr~ (Eq. [13]), the concentration of ion pair

Cr~ = [R7] 4 [M*R~] [13]
is given by Eq. [14]

K[M+]
[M*+R~] = —————— Cg~ [14]
1+ K[Mt]
and that of the free radical ion by Eq. [15]
[R7] = Cr~/(1 + K[M*]) [15]

February 1975

Using these expressions in Eq. [11] and [12] yield

oy = BT [16]
TarRMTDE

koo K2[M+]2

2o K2[M ] Crnt [17]

Vg = ———————
(1 K[M*])?

Both mechanisms show an over-all second order de-
pendence on total radical anion concentration. The
dependence on free metal ion concentration, in the
limit K[M*] << 1 (where Eq. [18] and [19] apply)
is first order

v7 = ka1K[M+*] Cr~2 [18]

vg = kooK2[M+12 Cg -2 [19]

for the reaction in [7] and second order for that in
[8]. The general over-all equation for the reaction
rate under conditions where free radical ion coupling,
and the ion-pair coupling reactions can all occur
simultaneously is given by

Ky + ka1t K[M*] 4 keeK2[M*]2
(1+ K[M*])2

Electrochemical results in absence of alkali metal
ions.—Cyclic voltammetric data for the different ac-
tivated olefins are given in Table II. All compounds
show behavior typical of a one-electron transfer fol-
lowed by a following chemical reaction. In all cases
the voltammograms become more reversible in ap-
pearance (e.g., show larger ip./ig.~values) when either
the scan rate is increased or the olefin concentration is
decreased. In general the results for DEF and CN con-
firm those in earlier papers (2-3). Controlled potential
coulometric reduction of these compounds was carried
out at potentials beyond the first reduction peak; typ-
ical results are given in Table III. For the fumarates
all show napp-values smaller than one, with napp-values
smaller at higher (10 mM) concentrations than at
lower (2.0 mM) ones. This has been attributed to a
slow polymerization reaction initiated by the radical
anions. For both EC and CN the napp-values are much
closer to one, suggesting considerably less polymeriza-
tion occurs with these species,

Cr-2 [20]

Vover-all —

Table 11. Cyclic voltammetry results for activated olefins in
absence of alkali metal ions(®?

viizC

Ep uA — secl/? ipa
Com- Cone (V.vs, Epe — Epefp ——————— Epc — Epa
pound (mM) AgR.E) (mV) V — mM (mV) ipe
DBF 1.49 —0.83 85 8.7 80 0.84
DEF 2.00 —0.82 60 9.3 85 0.73
DMeF  3.00 —0.78 63 10.9 80 0.50
EC 1.80 —1.25 70 9.9 90 0.60
CN 2.33 —1.25 61 10.9 80 0.41

@ All solutions were 0.20M TBAI in DMF with scan rate (v) of
200 mV/sec.

Table 111. Controlled potential coulometry results for the reduction
of activated olefins(®)

Cone Eapp1 (V.
Compound (M) vs. Ag.R.E.) Napp
DBF 2.00 —1.00 0.80
10.7 —1.00 0.55
DEF 2.00 —1.00 0.85
10.0 —1.00 0.60
DMeF 2.0 —1.00 0.82
10.0 —1.00 0.63
EC 2.0 —1.40 0.96
10.3 —1.40 0.91
CN 1.0 —1.40 0.99
11.0 —1.40 0.82

(@ 0.20M TBAI-DMF at Pt cathode.
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Fig. 2. Chronocoulometric data (Q vs. t%2) for dibutyl fumarate.
The potential was stepped from —0.200 to —1.000V vs. AgR.E.
and the solution was 0.2M TBAI in DMF containing (a) 0, (b) 1.49,
{c) 3.20, (d) 4.11 mM DBF.

Potential step chronocoulometry from the foot of
the wave to the mass transfer limiting region in all
cases produced linear @ ws. t* plots. Typical results
are shown in Fig. 2; complete data are in Ref. (21).
The intercepts and slopes for all of the compounds at
several concentrations are given in Table IV. Analysis
of the chronocoulometric data by the equation (18-20)

Q = Qa + nFAT + 2nFAC (Dot/n) % [211

shows that the intercept at C = 0 is the same as at
higher concentrations of electroactive species, within
+0.01 xC. The maximum amount of adsorbed electro-
active species is thus about 0.77 xC/cm? or 8 X 10-12
mole/cm?2; this corresponds to a maximum electrode
coverage of 2-3%. The slopes are proportional to C
in all cases. The linearity of the @ wvs. t% plots also
indicates that polymerization is not important during

Table IV. Chronocoulometric Q vs. t%2 intercepts and slopes(®’

Concen- Inter- Slope/C N
tration cept Slope (uC msec-1/2/

(mM) (uC) (uC/msecl/2) mM)
Dibutyl fumarate (Ei = —0.20V, Er = —1.00V)

0 0.094 0.002

1.49 0.100 0.169 0.113

3.20 0.112 0.350 0.109

4.11 0.101 0.463 0.112
Diethyl fumarate (Ei = 0.40V, Er = —1.00V)

0 0.083 0.002

1.02 0.083 0.123 0.121

2.24 0.087 0.276 0.123

3.47 0.086 0.439 0.126
Dimethyl fumarate (E, = —0.40V, Ef = —1.00V)

i} 0.087 0.002

1.10 0.089 0.140 0.127

3.00 0.084 0.395 0.131

5.00 0.101 0.583 0.117
Ethyl cinnamate (E; = —0.80V, Ex = —1,40V)

0 0.082 0.001

0.85 0.089 0.098 0.115

1.79 0.084 0.207 0.115
Cinnameonitrile (E; = —0.40V, E¢ = —1.40V)

0 0.180 0.003

1.54 0.160 0.210 0.136

3.12 0.159 0.389 0.125

4.80 0.152 0.544 0.113

6.41 0.170 0.738 0.115

(o) Solutions were 0.20M TBAI in DMF. E; is the initial potential
and E¢ the final potential, in V vs. Ag.R.E.
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the duration of the chronocoulometric experiment,
since any appreciable extent of polymerization would
consume parent species and lead to a nonlinear plot.

Mechanistic information was obtained by double
potential step chronocoulometry and chronoamper-
ometry, using the wvariation of Q(2t;)/Q () and
i(2tr) /i(t;) with the duration of the potential step,
tr, to obtain the ratio parameters Rq and R: and the
Tq4-value. These experimental Rq and R vs. Tau
curves were compared to the theoretical ones (Fig. 1)
to establish the mechanism and determine the rate
constant, Typical experimental data for DBF com-
pared to theoretical curves for Mechanism 1 are shown
in Fig. 3. The experimental values for the other com-
pounds show essentially an equally good fit to Mech-
anism 1; complete data and curves are available
(21). The experimental rate constants obtained for
the dimerization from this data are listed in Table V.
For those that have been determined before (DEF,
DMeF, CN) (2-5), the results here are in good agree-
ment with previously reported values.

Electrochemical results in the presence of alkali
metal ions—Addition of alkali metal salts causes the
cyclic voltammograms for the reduction of the olefins
to change—Ey. shifts slightly in a positive direction
and ipa/ipe is decreased; typical results are shown in
Fig. 4. The positive shift in E. is in the order Li+ >
Na* > K+, and can be attributed to ion pair forma-
tion of the radical anion with the metal ion and an
increased rate of the following dimerization reaction.
The current functions ip./v%C were similar to those
without alkali metal ions and they decreased slightly
with increasing scan rate. The anodic peak current,
ipa, Was much smaller with alkali metal ions present,
indicating a much faster following chemical reaction.
For a given scan rate and metal ion concentration,
the voltammograms showed larger in./ip. ratios when
the olefin concentration was decreased, indicating a
higher order following chemical reaction. For a given
cyclic voltammetric scan rate, concentration of olefin,
and concentration of metal ion, ipa/ipe increased in
the order Lit <« Nat* <« K+*. Thus the rate of the
dimerization reaction is in the order Li* > Nat >
K+ > no added alkali metal ion.

Controlled potential coulometry experiments were
performed on solutions of dimethyl fumarate, diethyl
fumarate, dibutyl fumarate, ethyl cinnamate, cinna-
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Table V. Rate constants for dimerization of several activated
olefins obtained from double potential step chronoamperometric
and chronocoulometric measurements(®)

Concen-
tration Ta.s 2]
(mM) (sec) (1/mole-sec)
Dibutyl fumarate 1.49 20.0 25
101 3.30 24
15.1 2.17 23
20.4 1.38 26
Avg =25
Diethyl fumarate 7.0 2.30 47
10,0 1.68 43
10.0 1.66 44
214 0.83 42
Avg = 44
Dimethyl fumarate 3.00 07 1.2 x 102
5.0 1.35 1.1
10.0 0.62 1.2
Avg = 1.2 x 102
Ethy! cinnamate 3.68 1.46 1.4 x 102
5.55 0.905 1.5
7.43 0.710 1.4
26 0.585 1.4
Avg = 1.4 x 102
Cinnamonitrile 1.26 0.673 8.9 x 102
1,56 0.581 8.4
1.88 0.455 8.8
2.33 0.365 8.9
3.78 0.223 8.9
5.18 0.166 8.8
5.82 0.152 8.5
7.79 0,108 9.0
Avg = 8.77 x 102

@ 0,2 TBAI in DMF; potential step program Ei -» Er — Ei as
in Table IV.

monitrile, and fumaronitrile in 0.20M TBAI-DMF with
Lit, Nat, and K+ jons added. Olefin concentrations
ranged from 2.0 to 15.0 mM, while alkali metal ion
(M*) to olefin ratios up to ten to one were used.
Typical mapp-values for solutions with 10 mM olefin
and various [M+*1/[olefin] ratios are shown in Table
VI

Experiments involving DBF, DEF, and DMeF with
Li* added to the solution gave an nap, of 1.00 == 0.03
when the [Li*]/[olefin] ratio was greater than four.
The 7app decreased to the value obtained in the ab-
sence of alkali metal ion when the [Li*]/[olefin]
ratio decreased. Experiments using Lil, LiClQ4 and
LiCl04-3H50 as the source of Lit all gave essentially
the same mnapp values. The electrolysis times of the
anhydrous solutions containing alkali metal ions were
10-25% longer than the same solutions lacking M*
under the same electrolysis conditions. Solutions with

Table V1. Typical controlled potential coulometry results for
reduction of several activated olefins in the presence of
Li+, Nat, or K+ <€)

Tapp values Fumaro-
DBF DEF DMeF nitrile
[Li+]/[elefin]
6. 0.98 1.02 0.9 0.43
4.0 1.00 0.99 0.99
3.0 0.90 0.96 0.94
2.0 0.89 0.91 0.91
1.0 0.81 0.84 0.86
0.0 0.55 0.60 0.63 0.41
[Na+1/[olefin]
10.0 0.53 0.63 0.60 0.37
4.0 0.57 0.59 0.59
{K~+1/folefinl
10.0 0.58 0.62 0.64 0.42
4.0 0.57 0.65 0.61

@ All solutions were 10.0 mM in olefin in 0.20M TBAI-DMF solu-

tion.
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Fig. 4. Effect of Nat on the cyclic voltammetry of diethyl
fumarate. The scan rate was 100 mV/sec and the DMF solution
contained 0.20M TBAI, 1.49 mM DEF, and (a) 0, (b), 1.00 mM,
(c) 12.0 mM Nal.

Tapp-values close to one were colorless after the elec-
trolysis, while solutions with mapp-values less than
one had a yellow-brown color. During electrolysis
with Li* present, a continuous formation of small
bubbles was observed on the working electrode; the
amount of these bubbles increased with increasing
Li* concentration and were much more prevalent in
the anhydrous solutions.

The napp-values for the reduction of DMeF, DEF,
and DBF were essentially unaffected by addition of
Nat or K+, even with [Nat] or [K*+] to [olefin]
ratios of 10/1 (film formation with DBF — K+ solu-
tions prevented an exhaustive electrolysis). Solutions
containing Nat and K+ were also characterized by
a yellow-brown color after the electrolysis. The elec-
trolysis times for solutions containing Na+ and K+
were three to five times longer than for solutions
which did not contain alkali metal ions. We believe
that a film of alkali metal hydroxide is formed dur-
ing the electrolysis which partially blocks the elec-
trode surface. This arises because the small hydrogen
ion concentration that is present in solution is de-
pleted in the vicinity of the electrode surface by the
hydrodimerization reaction. When a small amount of
water (0.1 ml per 50 ml DMF) was added as a weak
proton source, the electrolysis times were reduced
approximately 20%; however, they were still longer
than the electrolysis times for solutions where no
alkali metal ions were present. The water did not
affect the napp-values, but it did substantially increase
the background current after electrolysis.

An NMR analysis was carried out on the electrolysis
products for the reduction of DEF with Lit ([Lit]/
[DEF]) = 4.0 and K+ ([K*]/[DEF] = 6.0) pres-
ent. The NMR analysis could not be performed directly
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on the electrolysis solution since the NMR spectra
of the DMF and TBAI completely obscured the spectra
of the electrolysis products. It was therefore necessary
to extract the electrolysis products into methylene
chloride, evaporate the methylene chloride and then
obtain the NMR spectrum in carbon tetrachloride.
The NMR of the electrolysis products were compared
with those of pure samples of the hydrodimer (gen-
erously provided by Dr. M. Baizer of Monsanto, St.
Louis, Missouri), diethyl succinate, and diethyl fu-
marate after they had undergone the same extraction
process as the electrolysis products. The NMR spec-
trum of the Li+ DEF electrolysis product was very
similar to that of the pure hydrodimer, (31,2,3,4-tetra-
ethyl butane tetracarboxylate); the electrolysis prod-
ucts, showed a small peak from unelectrolyzed DEF
remaining in solution, and peaks from DMF carried
over in the extraction. No singlet peak was observed
at 7.50 =, indicating that no dihydro product (diethyl
succinate), was formed during the electrolysis. The
NMR of the K+~DEF electrolysis products gave spectra
similar to that of the hydrodimer; however, each of the
major peaks were split indicating several similar, but
different, electrolysis products (e.g., hydrodimer and
polymer). When the K*-DEF electrolysis products
were vacuum distilled at 120°C, the distillate was a
clear liquid (giving a hydrodimer NMR spectrum)
while a brown tar remained in the distillation pot.
The NMR specfrum of the brown tar exhibited the
same number of peaks as the hydrodimer with slightly
different chemical shifts. The NMR and napp data in-
dicate, in agreement with our previous results (2),
that the polymerization reaction is eliminated and
the hydrodimer becomes the only major electrolysis
product upon addition of lithium ion, while, both
sodium and potassium ions have no effect on the
distribution of the final electrolysis products.

Electrolysis experiments were also carried out with
fumaronitrile (Eye = —0.72V ps, AgR.E.) {0 see if
alkali metal ions affected its reduction products in
a manner similar to that for the fumarates. The napp
in the absence of alkali metal ions was found to be
approximately 0.40, which indicates that a polymeriza-
tion reaction involving parent molecules occurs. In
this case the addition of Li*, Na*, or K* had no
effect on the ngp-value. The electrolyses of cinna-
monitrile and ethyl cinnamate were obscured by elec-
trode filming and the electrochemical reduction of
the metal ions to metal.

The experimental results for potential step chrono-
coulometry are summarized in Table VII; typical @
— t% curves in the absence and presence of Lil and
DBF are shown in Fig. 5. The addition of alkali
metal iodide causes the intercept to increase above
that characteristic of the 0.2M TBAI-DMF solution.
If we assume that there is no specific adsorption of
cation at the initial potential (0.00V), then this in-
crease can be atiributed to rapid adsorption of the
alkali metal ion at —1.00V requiring additional (nega-
tive) charge to compensate for these adsorbed posi-
tive ions. Under these conditions the relative extent
of adsorption of alkali metal ion follows the order K+
> Nat > Li*.1 The intercepts with the olefins pres-
ent were essentially the same as those in their ab-
sence, indicating no appreciable adsorption of DBF
and DEF.

Chronocoulometric @ vs. ¢ plots for the reverse po-
tential step, while slightly perturbed by the hydro-
dimerization reaction, gave intercepts close to the
value (=+0.04 uC) obtained for the forward step both
in the absence and presence of DBF and DEF for all
three alkali metal ions. This indicates that neither
the radical anions produced nor any metal ion-radical
anjon ion-pair formed is appreciably adsorbed on
the electrode surface.

1 Another interpretation of the results, suggested by a reviewer, is
adsorption of alkali metal ion at the initial potential which leads,

through cooperative adsorption, to even greater adsorption of I-
and an initial increase in positive charge on the electrode,
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Table VII. Chronocoulometric Q — t% intercepts and slopes(®

Alkali metal

Olefin ion conc Intercept Slope
conc (mM) (mM) (uC) (#C/msect/2)

Dibutyl fumarate LiI

(] 0 0.17 0.000

0 1.00 0.25 0.001

1.69 1.00 0.25 0.158

3.40 7.90 0.26 0.308
Dibutyl fumarate Nal

0 1.00 0.481 0.003

1.99 1.00 0.486 0.238

3.00 21.8 0.508 0.356
Dibutyl fumarate KI

0 1.00 0.602 0.003

1.50 1.00 0.605 0.154

3.20 11.1» 0.465 0.222
Diethyl fumarate Lil

0 1.00 0.253 0.003

1.13 1.00 0.256 0.160

2.01 4.41 0.248 0.306
Diethyl fumarate Nal

0 1.00 0.481 0.004

1.49 1.00 0.492 0.179

2.94 8.00 0.509 0.352
Diethyl fumarate KI

0 113 0.609 0.002

3.32 8.77 0.618 0.398

6.02 12.9 0.629 0.763

@ Solutions were 0.20M TBAI in DMF, E; = 0.000V and Ef =
—1.000V vs. AgR.E.

@ Electrode filming occurred in DBF-KI solutions under these
conditions.

Information about the reaction mechanism in the
presence of alkali metal ions was again obtained by
double potential step chronocoulometry and chrono-
amperometry, using the experimental Rq, R, and Tq.4~
values to test theoretical models and obtain rate
constants. Even in the presence of alkali metal ions,
the results for reduction of DEF and DBF show the
best fit with Mechanism 1 (dimerization of radical
anions); typical experimental results are shown in
Fig. 6. The over-all rate constants, kops, for the dim-~
erizations as calculated from these results for differ-
ent olefin and alkali metal ion concentrations are
given in Table VIII. The reaction order with respect
to alkali metal ion concentration was first estimated
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Fig. 5. Chronocoulometric data (Q vs. t2) for dibutyl fumarate.
The potential was stepped from 0.00 to —1.000V vs. AgR.E. and
the DMF solution contained 0.20M TBAI and (a) 0 DBF, 0 Lil; (b)
0 DBF, 1.00 mM Lil; (c) 1.69 mM DBF, 1.00 mM Lil; (d) 3.40 mM
DBF, 7.90 mM Lil.
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by plotting In ks against In [M*]; a typical plot
is shown in Fig. 7. The slopes of these plots, i.e., the
over-all reaction orders, using the data in Table VIII
are for DEF : Li+, 1.08 = 0.02; Na*, 1.07 + 0.04; K+,

0.89 =+ 0.03 and for DBF :

Lit+, 1.11 =+ 0.03; Na™,

Table Viil. Rate constant for the dimerization of DBF and DEF
radical anions in the presence of alkali metal ions(®

fin

Ole
conc (mM)

Alkali metal
ion conc
[M+], (mM)

To.u
{msec)

Kobs
(1/mole-sec)

Kovs/[M+]
(12/m2-sec)

Dibutyl fumarate—Lithium iodide

1.69 1.00 500.0 0.893 x 102 0.89 x 108
1.69 2.02 210.0 2.13 1.05
1.69 4.08 97.0 4.60 1.12
1.69 7.99 46.0 9.71 1.21
340 7.99 25.0 8.89 1.11
Avg = 1.08 x 10®
Dibutyl fumarate—Sodium.iodide
1.99 1.00 887.0 0.428 x 108 4.31 x 105
1.98 2.91 370.0 1.00 3.54
1.96 5.76 219.0 1.76 3.11
1.91 11.3 135.0 2,93 2.63
1.82 21.8 71‘;8 5?3 %g;
.0 21.8 44. 5. .
300 Avg = 2.92 x 105
Diethyl fumarate—Lithium iodide
1.13 1.04 857.0 1.87 x 102 1.79 x 108
1.13 2.00 167.0 4.00 2.00
1.13 3.04 108.0 8.19 2.03
1.13 4.41 73.0 9.15 2.07
2.01 4.41 42.0 8.94 2.03
2.01 6.72 26.0 14.4 2.14
2.01 8.90 18.0 20.8 2.33
Avg = 2.05 x 109
Diethyl fumarate—Sodium jodide
1.49 1.00 920.0 0.551 x 103 5.51 x 105
1.49 2.00 400.0 1.27 6.33
1.49 4.00 188.0 2.70 6.73
1.49 8.00 88.0 5.76 7.19
2.94 8.00 52.0 5.14 6.42
Avg = 6.43 x 103
Diethyl fumarate--Potassium iodide
3.42 1.13 1850.0 119 10.5 x 10%¢
3.41 2.25 1260.0 176 7.78
3.40 3.36 855.0 260 7.74
3.36 5.56 513.0 438 7.88
3.32 8.77 365.0 823 7.10
3.31 12.9 266.0 838 6.64
6.02 12.9 149.0 840 6.50

Avg = 7.27 x 104

() All solutions contained 0.2M TBAI in DMF.
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0.85 = 0.03. At ratios of M* to olefin less than 0.8,
a larger deviation from first order dependence on M+
was observed, because of the contribution to the over-
all rate by the direct dimerization of the radical ions.
Since the reactions were close to first order, the re-
action mechanism most closely followed Eq. [7] and
the appropriate kinetic expression is [16] or [18].
Thus the over-all rate constant, kons, is approximately
ko1 K[M+]; the values of kobs/[M*] ~ koK given in
Table VIII are fairly constant, as expected. The ion-
pair formation constant for DEF~ with Li*, Nat,
and K* cations was estimated by the cyclic voltam-
metric potential shifts on the DEF reduction wave
with the addition of alkali metal ions. The observed
potential shifts are a result of both ion-pairing and
the increased dimerization rate. The potential shift
due to the hydrodimerization reaction can be esti-
mated by using the theory of cyclic voltammetry in the
presence of a dimerization reaction (6, 31) and the
rate constant calculated by chronocoulometry. Once
this has been calculated, the shift due to ion-pairing
can be extracted, and the ion-pair formation constant
is then estimated using Eq. [4]. For example, for a
solution containing 1.49 mM DEF and 8.00 mM Na*
a peak potential shift (compared to a solution in the
absence of Lit) of 14 mV is observed. Of this, using
the measured kops value of 5.8 x 103 M—1 sec™!, 11
mV can be attributed to the following dimerization
reaction, The residual 3 mV then yields an ion-pair
formation constant K of about 6 M~! This procedure
gives K-values of 29, 6, and 2 for ion-pairs of DEF~
with Li+, Na*, and K+*, respectively. These values
seem to be generally in line with previously deter-
mined values of association constants in DMF; for
example Peover and Davies (12) report a K of about
39 M~! for p-benzoquinone anion and Li+ while Lasia
and Kalinowski (15) report K’s of 120 and 41 for ion
pairs of Lit with fluorenone and indantrione radical
anions, respectively. Using these K-values, a somewhat
more detailed analysis of the kinetic data can be
made. From the over-all rate expression for the re-
action, Eq. [20], we find a kons given by Eq. [22]
Ions = (k2 + karK[M*] + k2eK2[M*]12/(1 + K{M*]2)
[22]

Taking K{M+*] = x, this expression can be rearranged
to
Kobs (1 4+ 2)2 — ko = ko + kaox? (23]

A plot of the left-hand side of [23] against x allows
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listed in Table IX.

one to estimate the ko1 and kos-values; a typical
plot for DEF-LilI is shown in Fig. 8 The values
of k21 and kg estimated by this procedure are given
in Table IX. (A similar calculation for DBF, assum-
ing the K-values for DBF~ are the same as DEF~
yvields 3.2 X 10¢ and 5.7 X 104 M~1! sec™! for ko
with LiI and Nal, respectively). Extension of rate
measurements to higher Mt concentrations to ob-
tain more reliable values for ks were limited by the
reaction becoming too fast to measure by our tech-
niques for Li*, and the appearance of electrode film-
ing in the case of Na* and K.

We have assumed in this treatment negligible as-
sociation of the metal ions with supporting electrolyte
(I-) ion. This appears to be in agreement with pre-
vious measurements on alkali metal ion iodides and
perchlorates in DMF (12, 32). Several experiments
were also performed using LiNOs or KNO3 (instead of
the iodides) in the 0.2M TBAI-DMF solvent on the
electroreduction of DEF. While the second-order de-
pendence in DEF and primarily first-order dependence
in metal ion was still observed, the kops/[M*] values
obtained (6.6 x 108 and 1.1 X 108 M~—! sec—! for
LiNO; and NaNOs;, respectively) were about twice
those of the iodide salts. The reasons for these dif-
ferences, which are well outside the experimental
error limits of the measurements, are not clear, but

Table IX. Summaty of rate constants for dimerization of diethyl
fumarate in presence of alkali metal ions(@)

K k2 Kka Koz k2K
System (M-1) (M-1 sec-1)
DEFR-LiI 29 44 6.2 X 104 2.4 x 108 1.8 x 108
DEF-Nal 6 44 9.3 x 10+ g x 10% 5.6 x 108
DEF-KI 2 44 3.3 x 10% — 1.3 x 105

() In 0.1M TBAI-DMPF.
@) Compare to Table VIII, kobs/{M+].
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suggest that impurities (e.g., water of hydration), ad-
ventitiously added with alkali metal ion salt, may have
an effect on the reaction rate.

Discussion

The results generally show that reductive coupling
of 1,2-diactivated olefins involve dimerization of radi-
cal anions both in the absence and presence of alkali
metal ions. Adsorption of the parent olefins or the
radical ions does not appear to be an important step
in the reaction sequence, The linearity of the @ — t1/2
plots suggests that the polymerization reactions which
are of importance on the controlled potential coulo-
metric time scale, do not interfere with the short time
voltammetric measurements. In agreement with the
previous results (2) we have found that addition of
Lit decreases the extent of polymerization on bulk
electrolysis. The mode by which this occurs has not
been established, however two possibilities appear
reasonable. If the dimer dianion, Rg2~, is ion-paired
with Li*, it may be less reactive towards R and so
show less polymerization. If this were the case, how-
ever, it is difficult to understand why Na* and K+
have such a small effect on the coulometric results, A
second possibility is that Lit increases the rate of
protonation of R,2—. Lit is known to be quite acidic
and hence coordinates strongly with traces of water
in the DMPF. This coordinated water will be a better
proton donor than uncoordinated water and may be
brought t{o close proximity to the dimer dianion by the
jion-paired Lit. Na* and Kt should show this effect
to a much more limited extent. The increased acidity
of water in the presence of Lit apparently does not
cause appreciable protonation of the radical anion it-
self, since no evidence of the 2e reduction products was
found. Additional evidence of the higher proton avail-
ability in the presence of Lit are the small bubbles
observed during coulometry when Lit is present.
These probably are caused by a small amount of
H*-reduction at the electrode, concurrent with olefin
reduction, forming some hydrogen gas bubbles. Elec-
trode filming in the presence of the alkali metal ions,
especially at higher concentrations can be attributed
to the formation of insoluble hydroxides upon hy-
drolysis (i.e., deprotonation) of the aquated ions. Simi-
lar hydrolysis of metal ions and filming have heen ob-
served in nonagueous solvents (33, 34).

The study also provides some new information on
the derendence of radical anion dimerization rate on
structure. For the dialkyl fumarates, the dimerization
rate constant and diffusion coefficients decrease in the
order Me > Et > n-Bu. Apparently, the bulkier the
alkyl group, the slower is the movement through
solution and the more hindered the dimerization re-
action. The rate of dimerization of ethyl cinnamate
(EC) radical anions (140 M—1 sec—1), compared to that
for DEF (44 M~1! sec—!) may at first appear anoma-
lously large, since EC can be considered to have a
structure between DEF (2 —COs Etf groups) and stil-
bene (2 phenyl groups), whose R~ dimerization rate is
very slow. However, consideration -of the resonance
structures of the radical anions of the two compounds
suggests that while DEF has several structures where
electron density is not on the ethylenic carbon, e.g.,
structure

0 o

If
Et 0—C H Et O—C H

/
See o e
H C—0 Et H/ \C—O Et
o 5
A B

B, such structures are less probable for EC
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