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A Kinetic Study on Reduction of 9,9’-Bifluorenylidene
by Sodium Isopropoxide
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The kinetics and mechanism of reduction of 9,9’-bifluorenylidene (1) by sodium isopropoxide (2) in isopropyl
alcohol to yield 9,9-bifluorenyl (3) were investigated spectrophotometrically. The kinetic data suggest that

the reduction proceeds autocatalytically, the reduction product 3 acting as the catalyst.
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It was found that

k2
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2

Reactions 1 and 2 are of the first order with respect to 1, but that the former is of the third order with respect

to 2, whereas the latter is of the first.

The fourth- and third-order rate constants, &, and &,, for Reactions 1 and

2 were determined to be 3.0x 10-% dm® mol~3s~* and 1.1X 10® dm® mol-2s-1, respectively, at 130 °C. Prob-
able mechanisms for Reactions 1 and 2 have been offered on the basis of the reaction order for each molecular

species involved.

Obviously, the symmetry of the fulvalene system
demands that the central double bond has no dipole
moment; however, it would also be expected that
it has unusual properties.)) Indeed, the bond index
of that linkage is very low for a double bond and,
taking 9,9'-bifluorenylidene (1) as an example, the
linkage has an unusually high polarizability, which
results in various interesting results: e.g., a large mo-
lecular refraction? and an unusually low reduction
potential.3-5 Among the unusual reactions of ful-
valenes, the reduction of the central double bond by
sodium alkoxides may be a typical example, since
the C=C double bond is, in general, not reducible
by such weak reductants.®’ In the previous work?
it was found that 1 is readily reduced by sodium
ethoxide and gives 9,9'-bifluorenyl (3). In order to
elucidate this mechanism, a kinetic study on reduction
of 1 by sodium isopropoxide (2) in isopropyl alcohol
(Scheme 1) has been made. Sodium isoproxide was
chosen as an alkoxide because its oxidation product
was acetone, which did not lead to any side reaction,
and, in addition, the sequence of the reduction rate
of 1 by alkoxide was methoxide<ethoxide <isopro-
poxide.®

D —
(CH3) 2CHONa

+ (CH3)2CHOH + (CHz)pC0

Scheme 1.

Experimental

Reduction of 1 by Sodium Isopropoxide. Metallic sodium
(0.23g, 1.0x10-2 g-atom) was treated with 5ml of iso-
propyl alcohol; the resulting solution was transferred into
a glass tube. Then 0.17 g (5.2 x 10~* mol) of 1 was added.
The glass tube was sealed and heated at 130 °C in an oil
bath until the orange-red color of the solution disappeared
completely. After cooling, the content was poured into
water and extracted with benzene—ether (1:1). The solvent
was evaporated. Recrystallization of the residue from ben-

zene gave 3, 0.16g (93%); mp 245°C. This compound
was identified by direct comparison with an authentic sample.
On the other hand, when the chemical components in the
distillate from the reduction mixture were analyzed by gas
chromatography, acetone was found.

Stock Solutions of 1 and 3. Compounds 1 and 3 were
dissolved separately in isopropyl alcohol to a concentration
of 2x10-3mol dm=3. These solutions were stored in a
dark room and were stable for at least a month. Each
solution was diluted with isopropyl alcohol as required for
experiments.

Kineitc  Measurements. Red compound 1 has an ab-
sorption spectrum in the visible region, with its maxium
absorbance at 458 nm and with the molar absorptivity of.
2.13x 10* dm® mol—* cm~%, probably attributable to a z-n*
electronic transition, while 3 shows no visible absorption
spectrum. The decrease in the absorbance due to the re-

duction of 1 was a function of the time when measured spec-

trophotometrically. A required amount of isopropyl alcohol
solution of 2 and 2.5ml of 2x10-¢mol dm—3 solution of
1 were taken in a 25 ml volumetric flask and diluted with
isopropyl alcohol up to the mark. A 5ml of the aliquot
was transferred into a glass tube, 11 mm in external diameter
and about 100 mm high, which was used as both a reac-
tion vessel and a spectrophotometric cell.? The tube was
sealed and then immersed in an oil bath thermostated at
130 °C within an accuracy of 0.2 °C. The oil bath was
covered with aluminium foil to prevent any effect of light
on the reaction. The absorbance at 458 nm was measured
at a given interval (at least 10 min) with a Shimadzu SP-
20 spectrophotometer, after taking out the glass tube and
wiping off the oil which had stuck on its outside surface.
Another glass tube of the same size and quality containing
isopropyl alcohol was used as the reference during the spec-
trophotometry.

Results

The reduction rate of 1 by 2 was measured at 130
°C for various concentrations of 2 (6x10-3 to 1.4x%
101 mol dm=3) under a constant concentration of 1
(2x10-5mol dm=3). The dimensionless quantity X as
a function of the time ¢ was plotted in Fig. 1, where
X=[1]/[1],: [1], and [1] denote the concentrations
of 1 at the initial time and at the time of measure-
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ment. The reduction for all the cases did not proceed
appreciably at the initial stage and only began to
proceed after some inductive period; the more the
reduction proceeded, the greater the rate became, as
seen in Fig. 1. Such behavior of X us. ¢ is frequently
observed in the autocatalytic reactions such are as
found in the acid-catalyzed hydrolyses of various es-
ters and in various biochemical processes.1%t)

A kinetic model of conversion from A to B which
proceeds by an autocatalytic reaction in addition to
the direct conversion would be:

k1
A — B, (1a)

k2
A+B— B+B. (1b)

If the concentrations of the molecular species A at
the start and at the measurement time are denoted
by 4, and A(t) and if Reactions la and lb are both
of the first order with respect to each substrate, the
dimensionless quantity, X, (t)=A(t)/A4,. and the rate,
—dX,(t)/dt, can be formalized as!®:!V)

_ ky+kq 4o
Xalt) = ket At L kA 2)
d kg (ky kg d,)ethyHhado)
__d—tXA(t) G Y W (3)

In the above equations, £, and k, are the first- and
second-order rate constants for Reactions la and 1b,
respectively. The rate reaches its maximum at a

particular time, ¢*, which satisfies the equation,
d2X, (t)/d?=0 i.e.,
kle(k1+szo)‘* = szo, (4-)

when %,4,>k,, Approximations 5 to 7 will be derived
from the combination of Egs. 2 to 4.

1
*) o~
X, = )
d 1
TS Xp(t%) = Tk2A0, (6)
kekado* ~ k. A, (7)

Approximations 5 to 7 indicate that (i) the dimen-
sionless quantity becomes equal to 1/2 when the con-
version rate reaches its maximum, (ii) the £,4, value
is four times the slope of the tangential line at ¢=t*
for the curve of X, (i) vs. ¢, and (iii) the k; value is
obtainable with the use of Approximation 7 provided
that the values of both * and k,4, are known. All
the curves of X uvs. t measured for the reduction of
1 by 2 under the present conditions suggested that
koA, >k,, because the reduction rates were at their
maximum when X=1/2, as seen in Fig. 1.

The apparent first- and second-order rate con-
stants, k,*° and £,*?, for each concentration of 2 added
were determined from the slope of the tangential line
and from the time when X=1/2, with the use of Ap-
proximations 6 and 7, as indicated by a dashed line
and an arrow for Curve 5 in Fig. 1: £*P=2.4x 1010
s~ and k£,*?=2.2 X 10 dm? mol-! s~1 were obtained for
[21=2.0x10-2 mol dm~3 from Curve 5. The £,**4,
values determined were 3.8 x10% to 2.1 x107 times
larger than the £;°® values over the concentration
range of 1.4Xx107! to 6x10-2mol dm=3 for 2.
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Fig. 1. Reduction of 9,9-bifluorenylidene (1) by so-
dium isopropoxide (2) at 130 °C.
[1].: 2.0x10-5mol dm-®. [2]: 1—8.0x10-2, 2—
6.0x 102, 3—4.0x 10-2, 4—3.0x 102, and 5—2.0X
10-2 mol dm~3.

As seen on the curves in Fig. 1, the inductive period
in reduction becomes shorter with increase in the
concentration of 2 added; in addition, the tangential
line at the maximum rate becomes steeper, indicating
that both £,*® and £,*® are dependent on the con-
centration of 2. If Reactions la and 1lb for the re-
duction of 1 are of the n- and m-th order with respect
to 2, the apparent first- and second-order rate con-
stants, k;*® and £,*®, will be expressed by

k® = k[2]" and K% = k,[2]™. 8

This is because 2 acts as the catalyst in this reaction
and its concentration remains constant during the
reaction. Plots of both Ink;*® and Inky®® 5. In
[2] will give a straight line with each slope of n and
m. FEach linear plot with a slope of n=3 and m=1
in Figs. 2 and 3 suggests that Reaction la is of the
third order and Reaction 1b is of the first order with
respect to 2. The values £;=3.0xX10-5 dm® mol—3 51
and k,=1.1x103dm® mol-2s! are obtained by ex-
trapolating each linear part to ln [2]=0.
Summarizing the foregoing discussion, we can say

| |
-6 -4 -2
Ln [21/mol dn™3

Fig. 2. Dependence of the apparent first-order rate
constant, £,2P, on the concentration of sodium iso-
propoxide (2).
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Fig. 3. Dependence of the apparent second-order rate
constant, £,°P, on the concentration of sodium iso-
propoxide (2).

that the reduction of 1 by 2 in isopropyl alcohol to
yield 3 proceeds by the following parallel reaction
paths:

k1
13, (92)
2
k2
1+3 5343, (9b)
2
and its reduction rate is expressed by
d
— g (1 = /2P + &[21[11(3]. (10)

Discussion

It is of interest to note that the reaction rate for
Reaction 9a is of the third order with respect to 2.
High-order reactions regarding alkoxide are frequently
observed in various reductions by alkoxide, e.g., the
second order in reduction of nitrobenzene by sodium
methoxide,'? the first and second orders in benzo-
phenone reduction by aluminium isopropoxide,!®) and
the third and forth orders in acetophenone reduction
by aluminium isopropoxide.’¥) Such a high-order
process regarding alkoxide is explaned by the as-
sociation of alkoxide,!® and the transition-state com-
plex is formed between the oxidant and the associated
alkoxide.1® According to this interpretation, we offer
Scheme 2 as a mechanism of Reaction 9a. The pre-
equilibrium 2a between the monomer and trimer of
2 is supposed to exist. The trimer (4) reacts with 1
and the hydride ion from 4 is transferred to the C(9)
or C(9") atom of 1 to give an intermediate carbanion
(3) (Step 2b), which will react readily with isopropyl
alcohol to yield the final product 3 (Step 2c). Step
2b with a rate constant k,, may be rate-determining:
a transition-state complex with a six membered
ring,'’s18) as indicated in Formula 6. Step 2c is in
an equilibrium, as will be discussed later, which may
shift strongly to the righthand side.

The reduction products of 1 by 2 in isopropyl
alcohol were 9,9'-bifluorenyl 3 and acetone. Accord-
ingly, one of these compounds is considered to act
as the catalyst in this reaction. The reaction rate
was measured in the presence of 3 or acetone. It
was found that the reaction was remarkably accelerat-
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Scheme 2.

ed in the presence of the former, but no effect was
found for the latter. Figure 4 shows plots of X uvs.
¢t for the various initial concentrations of 3 when 2 X
10" mol dm~3 of 1 and 2X10~2 mol dm—2 of 2 were
added. On the other hand, the dimensionless quantity
X,(t) for the kinetic model (1) is expressed by Eq.
11, when the intial concentration of B (B,) is not
zero (see Appendix).

kl +IC2A° + szo
(ks + kB )i +kadotkaB) 1 o A,

In the case of the reduction of 1 by 2, £, and £, in
the above equation will be replaced by £,[2]® and
k3[2], because Reactions 9a and 9b are found to be
of the third and first orders with respect to 2, which
acts as the catalyst and keeps its concentration con-
stant during the reaction. The X values for this re-
action were calculated for the various initial concen-
trations of 3 on the basis of Eq. 11, with the use of
the %k, and £k, values determined above.. The ex-
perimental plots in Fig. 4 can be explained reasonably
by the calculated values; this confirms that the re-
duction product 3 acts as the catalyst.

A catalytic reaction such as indicated by Scheme
3 is offered as a probable mechanism. Product 3
reacts with 2 to give an intermediate carbanion 5
(Step 3a), which is the reverse reaction of Step 2c.
An electron transfer may take place from the carbanion
5 to the compound 1 to give 9-(9-fluorenyl)fluoren-
9-yl radical (8) and its anion radical (7). The pro-
tonation of the anion radical 7 to give 8 may be in
a rapid equilibrium (Step 3c). One molecule of the
radical 8 may attack isopropyl alcohol and an «-
hydrogen atom of the alcohol may be transferred to
yield a final product 3 and an alcohol radical (9)
(Step 3d). Another molecule of the radical 8 may
react with the alcohol radical 9 produced in Step
3d to yield another molecule of the product 3 and
acetone (Step 3e). Step 3b with an rate constant
ky, may be rate-determining, because (i) Equilibria
3a and 3c may be established very rapidly and (ii)
each radical involved in the process may be very

Xa() = (11)
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Fig. 4. Reduction of 9,9-bifluorenylidene (1) by so-
dium isopropoxide (2) in the presence of added 9,9’-
bifluorenyl (3) at 130 °C.

[1],: 2.0x10-5mol dm=3. [2]: 2.0 102 mol dm-3,
[3],: 1—1.0x10-5, 2—1.0x10-%, and 3—1.0x 107

mol dm-3.
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Scheme 3.
reactive.

If the autocatalytic reaction actually proceeds
through the foregoing steps, some amount of the pinacol
might be formed. This may be explained by that
the dimerization of the alcohol radical 9 does not
.occur in alkaline media.1%20) The existence of the
radicals 7 to 9, and also the kinetics of various 9,9'-
bifluoreylidene derivatives, are now under investiga-
tion; we must await these results before giving a valid
conclusion for the autocatalytic reaction.

Usually the C=C double bond is not reducible by
sodium alkoxide. Regarding Compound 1, two fluo-
rene moieties are not on a plane, and the central
C(9)=C(9’) double bond is twisted sterically.21.22)
Furthermore, despite the symmetry of the molecule,
1 has a considerably larger molar-polarization than
expected.?) This high distortion polarization is also
reflected in the particular chemical reactivity of its
central double bond; it is capable of adding an or-
ganometallic compound?3:29) and amines,? of reacting
with lithium aluminium hydride,?® and of undergoing
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the Michael condensation2”-28)—all reactions typical of
high polar substances. Hydrogenation of this double
bond by sodium isopropoxide 2 can be interpreted
along the same line. However, the direct reduction
of 1 by 2, i.e.,, Reaction 9a, proceeds very slowly even
at 130 °C, as seen in the inductive period in Fig. 1.
The most important factor in its reactivity with 2
is that the process involves the autocatalytic reac-
tion 9b; the autocatalytic reaction proceeded 3.8x
10* to 2.1 X107 times rapidly as the direct reaction
when 2x10%moldm=3 of 1 and 1.4x10-! to 6Xx
10-3 mol dm=3 of 2 were reacted.

Appendix

If each process in the kinetic model (1) is of the first order
with respect to each molecular species involved, the rate
of change in the concentration of A with the time is given
by

d
—d_tA(t) = k A(t) + k,A()B(t). (A1)
The initial conditions for the above equation are:
A(0) =4, and B(0) = B,. (A2)

The total concentration of A and B at any time must satisfy
the equation:

A(t) + B(¢) = A, + B,. (A3)
Under the condition A3, Eq. Al is rewritten as
d
a7 A0 + (ki koo + 5B, ) A8) — ko 4%(2) = 0. (A4)

The differential equation A4 has the general solution A5:
ky+k,4,+k,B,

At) = Cc(kz+szo+"zBo)'-|-k2 s (A5)
where
C = MEBL (A6)
4,

From Eqs. A5 and A6, X, (t) [=A(t)/A4,] is derived as Eq. 9.
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