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Abstract
The polarographic reduction of aromatic carbodiimides in anhydrous aprotic
solvents goes through a carbene intermediate by a diffusion controlled process in two
one-electron steps. The first step is the rate-determining step and converts the
carbodiimide to a radical anion (6) that reduces further by a fast one-electron step to
a carbene dianion intermediate (7). This abstracts an oxygen, along with protons,
from the solvent to give diphenyl urea (9) or reduces further to methylene dianiline

(12).

Introduction

Polarography is a technique with diverse applications
-1-2]. One of the most important uses of the polarographic
echnique is in the study and elucidation of the reaction
nechanism in organic chemistry [2-4]. In this work we
would like to report the use of this technique to elucidate
he mechanistic pathway by which carbodiimides reduce.
nthisregard, seven different aromatic carbodiimides with
lifferent electron withdrawing and contributing groups
vere prepared [5], each of these compounds was reduced
yolarographically in anhydrous dimethylformamide.

The number of electrons involved in the reductions in
:onjunction with diffusion current constants, helps us to
sostulate the intermediates that are formed in the non-
iqueous media. Diffusion controlled reduction waves, if
hey occur, eliminate the possibility ofkinetic orabsorption
surrents interfering or occurring simultaneously during
he reduction process.

Hammett frec energy diagrams of half-wave potentials
rersus polar substituent constant can help to elucidate the
ntermediate in an electrochemical reduction [6],
:onsequently the half-wave potentials of substituted
;arbodiimides were determined and linear free-energy
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graphs were drawn to provide additional evidence for the
chemical intermediates in this electrochemical reduction.

In the potentiostatic study of these carbodiimides in
different anhydrous aprotic solvents [dimethylformamide
(DMF) and acetonitrile], we considered the effect of the
oxygenated solvent (DMF) and a non-oxygenated one
(acetonitrile) in order to determine and establish the
mechanism of the reaction.

Experimental Section
General Method

Tetra-n-butyl ammonium bromide (Eastman reagent
grade) was recrystallized twice in ethyl acetate (Fisher
reagent grade). Acetonitrile (Mallinckrodt nano grade),
and N, N-dimethylformamide (Fisher reagent grade) were
refluxed over sodium hydride and potassium carbonate,
respectively, and then distilled through a 71 cm
fractionation column under dx:y/nitrﬁg?n.

The polarograms were Obtained by using a Heath
Model EUW-401, which contained a Heath operational
Amplifier EUW-19 A, a Heath Recorder EUW-20 A, and
a Heath polarographic Model EUA-12-2. The calibration
of the polarograph was done according to the Heath Model
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UW-401 Manual in which the zero initial setting, sweep
ite and hold drift current were calibrated.
~The three-electrode polarograph in this study consisted

f a dropping mercury electrode (dme) as the working
lectrode, a platinum wire as a counter electrode, and a
ilver/silver bromide electrode as the reference electrode.

All polarograms were obtained at four different (40,
0, 60 and 70 cm) mercury heights in a water bath
1ermostated at 2540.1°C. The electrode was a Sargent
dodel (S-1947) dropping mercury electrode (6 to 12
econds) which was cut to 12 cm in length. The mass of a
rop of mercury was obtained by collecting nine separate
amples, 20 drops each, in distilled water at 25°C and
0+0.05 cm mercury height at zero potential. Then water
vas decanted and the mercury was dried and weighed. The
verage and average deviation was 6.92+0.02 mg/drop.

The average drop-time and average deviation
3.45+0.05 sec) was obtained in three trials, 20 drops per
rial, under the same experimental conditions. The reference
lectrode was constructed in the laboratory from an
ighteen-gauge silver wire according to the method of
3iolchini [7]. Carbodiimides were prepared according to
~ampbell’s procedure for synthesizing carbodiimides [5],
n which phospholene oxide is used as a catalyst [8].

>reparation of 3-methyl-1-phenyl-3-phospholene-1-
xide

Amixtureof 27.1ml (28.5 g, mmole) of dichlorophenyl
>hosphine (Aldrich), 60.0 ml (769 mmole) of isoprene
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(Matheson) and 0.40 g (2 mmole) of 2,6-di-tert-butyl-p-
cresol (Aldrich) were allowed to stand atroom temperature
in hood for seven days. After this time, the solid product
was dissolved in 150 ml of ice water, and 100 ml of hexane
was added. The pH was adjusted to between 5 and 6 by the
addition of sodium bicarbonate and the solution was
extracted with three-150 ml portions of chloroform and
dried over calcium sulfate.

A reduced pressure from the water aspirator was used

_to evaporate the solvent and concentrate the residue to

approximately 10 ml. The residue was vacuum distilled to
produce 6 ml (40% yield) of a white oil, b. p. 160-162°C
at 0.4-0.45 torr (lit. b.p. 152-154°C at 0.35-0.40 torr) [8].

General Procedure for Polarographic Reduction of
Carbodiimides )

The polarograms of seven different carbodiimides
were obtained at four different mercury heights (40, 50, 60,
and 70 cm). The polarographic solutions were 1 * 0.58
%10 M of the corresponding carbodiimide and 0.175 Mof
the supporting electrolyte: tetra-n-butyl ammonium
bromide in anhydrous dimethyl formamide. Asanexample,
the polarogram of bis-(p-methoxy phenyl)-carbodiimide
in DMF is shown in Figure 1.

General Procedure for Potentiostatic Reduction of
Carbodiimides

In'this work, the Beckman Electroscan 30 was used as
the potentiostat which had areference voltage control span

6.00

+5.00

4 1.00

J2.25  -2.00 -1.87 -1.50

E(V)

-1.00 -0.50

Figure 1. Polarogram of bis- (p-methoxyphenyl)- carbodiimide in DMF
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-of 5.0V with+10mV accmacy.Thecmentt:apﬁgcitywas dimethylformamide.
0-100 mA with 3% accuracy, and the maximum output o
- voltage was +30-volts. A mercury pool cathode was used Results and Discussion

_ as the working electrode, a platinum spiral wire as the. .. .

-anodeandasilver/silver bromide electrode as the reference
electrode.

. Twentymﬂhh:ersof[teua—n—butylammmnmnbmm:de
solution2.82 g (8.74 mmole) in 50ml of dimethylformamide
.. or acetonitrile], was added to the anode and another 20 ml .
of it 0. the cathode of the cell containing 1.00:g (5.00

. mmole) of diphenyl carbodiimide. The cell was placedin. . -
- aconstant temperature bathat 0°C and was. smedwhﬂstg; e dlffnm controlled as indicated in Figure 2. It has been

. drynitrogen was passed through it. The initialp of .

- the reduction was set at -1.95 volts versus the reference
electrode. The total reduction time was 10 and 20 hrs in
DMF and acetonitrile, respectively. At the end of the
reductions, the color of the catholyte was dark-green, and

 the anolyte, dark-red. The anolyte color was indicative of
the presence of bromine from oxidation of bromide anion,
In DMF, the catholyte was rotary evaporated to a dark
viscous liquid (2.821 g) which was washed with 50mlof
anhydrous ether. The residue after washing with 20 ml of
H,0 wascrystallized from 95% ethyl alcohol to give 0. 64¢g
(1.530mmole, 57% yield) of white crystalline diphenylurea
m.p. 236-237°C, IR (KBr) 3280, 1601 cm™* (lit. m P 234-
236°C).

Inacetonitrile after the catholyte wasrotary evapmated
the residue, a dark gummy material (2.62 g), was washed
with 100 ml of boiling hexane and after the removal of

 solvent, the residue was recrystallized twice from 20 ml of
hexane to give 0.496 g (2.44 mmole, 46% yield) of white
methylene dianiline, m.p. 95-98°C IR (KBr) 3390, 3050,

1490 cm?, mass spectrum (70 eV) m/e (rel, mtensxty) m*

197 (25), 105 (20), 93 (100).

The % vyield based on the mA current flow was
-approximately 60% in acetonitrile and over 100% in

‘For- this mechanistic: study, - seven -different—
carbodiimides were prepared according to the Campbell

- procedure[5]. These compounds along withtheir diffusion

currents [6}, the mercury heights and square root of these -
heights are listed in Table 1. From the polarograms, half-
wave. potentials and i,’s were obtained. The results are

shown in Table 2.

’mapo»ixmgmpi;mmdnctwnaf th&carbodnmxdes was.

.. shown that-for an irreversible electrolytic process from

Zuman and Hammet’s equation (1,2), equation (3) can be

~ obtained [9], to account for the effect of. dxfferent

subsntuents attached to the benzene ring.

AE __.z;iR___(A logI(")R' - )
i (Ao-n)F * ‘
@ Tog K)R=p,0; | @
Ep=pon o @

In this equation, the term (Aow-n), is the difference in
the products of the transfer coefficxent, o, and the number
of electrons, n, which are transferred in the potential

\ detmnhnngstepforﬂwpamntcompaundandacmnpound

with a substituent R’. The factors T,R, and F represent
absolute temperature, gas constant, and faraday constant,
respectively. The term (A log K?) is the difference in the
rate constants for the electrode pmcess for unsubstituted
and substituted compounds. By using this equation and

‘plotting E% versus Gy, the Hammet total polar substituent

constant {9](Fig. 3) canbe obtained. Thereaction constant,

Table 1. Diffusion current (BA) of carbodiimides versus mercury heights {cm) at

25°C
Hg. Ht. 49 50 6 70
Carbodiimides
YHg.Ht 632 105 7.75 837
Diffusion current (LA)

4 4'- ditolyl carbodiimide

3,3' - ditolyl carbodiimide

Diphenyl carbodiimide .

Bis- (0- ﬂuorophenyl)-wbodmmde
Bis- (p - bromophenyl) - carbodiimide

Bis- (p- methoxyphenyl)-carbodiimide

Bis - (p chlorophenyl) - carbodiimide

144 178 205 235
158 174 212 231
151 175 182 206
296 304 320 400 ..
0966 135 148 164
0731 0877 127 154
099 130 158
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Table 2. The half-wave potentials versus diffusion currents (i,) and diffusion
current (I,) at 60 cm mercury heights and 25°C

Carbodiimides i,(ua) LA E1R
Bis- (p- methoxyphenyl)-carbodiimide 205 130 1.87
4,4'- Ditolyl carbodiimide 212 134 1.78
3,3’ - Ditolyl carbodiimide 182 115 1.77
| Diphenyl carbodiimide 320 202 174
Bis- (o- flucrophenyl)-carbodiimide 148 0937 1.62

Bis- (g - bromophenyl) - carbodiimide 1.27  0.804 1.54
Bis - (p - chlorophenyl) - carbodiimide 158 100 148

*] = ———-I-"-——;, where cm 3 t¥5is 1,58,
cm 23 tliﬁ

1w

@

74
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Figure 2. Diffusion currents versus heights for (a), bis- (p-methoxyphenyl)-carbodiimide; (b), 4,4-ditolyl
carbodiimide; (c), 3,3-ditolyl carbodiimide; (d), diphenyl carbodiimide; (e), bis- (o-flurophenyl)-
carbodiimide; (f), bis- (p-bromophenyl)-carbodiimide, (g), bis- (p-chlorophenyl)-carbodiimide.

Pr =0.489 can be calculated from the slope of this straight
line and from its sign and magnitude one can conclude that
there is a mechanistic relationship between the half-wave
potential and the substituent groups. It can been shown
[10] that since Pr is positive (0.489) for the polarographic
reduction, it is a good indication that the neutral
carbodiimide is the reactant in the rate-controlling step,
and thus the possibility of the radical-anion being areactant
in the rate-controlling step is eliminated. The number of
electrons in the rate-controlling step is obtained from
Meites’s method [11], equation (4), (Fig. 4).
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Figure 3. Graph of E, , values versus sigma values of substituent Ithasbeen §h0wn that when o is in the rzfnge of 0.4 t0
proups on carbodiimides 0.6 {11}, there is a one-electron rate-controlling step. The
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Figure 4. Graph of E, , values versus 1bg-ii—l-ofdipheﬁylc&bo diimide at 60 om mercury height
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Figure 5. Reduction process of dipheny! carbodiimide in DME and acetonitrile
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slope, from Figure 4, was 0.41 for diphenyl carbodiimide.
This is consistent with a mechanism which postulates the
addition of one electron in the rate-controlling step.
Therefore, the Hammet’s plot plus the one electron addition
in the rate-controlling step support the mechanism
postulated in Figure 5.

A proof for the total number of electrons involved in a
mechanism can be obtained by comparing the diffusion
currentconstant with those of known reducible compounds.
If one comparestworeducible species with equal diffusion
coefficients, D, the number of electrons should be equal in
their respective polarograms.

Trans-stilbene is a compound with two phenyl rings
which approximates the size of diphenyl carbodiimide and
is known to undergo a two electron reduction in DMF. By
comparing its diffusion coefficient with that of diphenyl
carbodiimide, one can conclude that diphenyl carbodiimide
is also reduced by the total number of two electrons [12].

In order to unequivocally prove the mechanism which
shows that there are to tally two electrons consumed in this
reduction, the intermediate dianion (7) reduction product
should be established. This intermediate product abstracts
an oxygen from the solvent (3), and therefore this proof,
along with the potentiostatic reduction in an aprotic non-
oxygenated anhydrous solvent, such asacetonitvile, which
results in methyl dianiline (12) rather than diphenyl urea
(9), the only product in DMF, is another proof of this

Garrossian et al.
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proposed mechanism.
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