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structural grounds ring fission probably occurs in solution, but 
the rate of ring closure is rapid, and the biradical returns to the 
starting material without any chemical consequence. Thus this 
material is a potential UV photostabilizer since it channels 
radiation energy efficiently to thermal energy without chemical 
change.20 

In solid matrices little change is to be expected in the rate 
of ring fission since this is primarily dependent on the overlap 
between the chromophore (CO) and the acceptor cyclopropyl 
bond. Thus, irradiation should lead to the formation of the 
biradical at almost the same rate as in solution. For any process 
to compete with ring closure in the solid matrix it either should 
have an intrinsically lower activation energy or its activation 
energy must be lowered in the matrix owing to favorable con­
formations of the rigid molecules. The reaction involved here 
is 1,2 hydrogen migration. If this reaction had an intrinsically 
lower activation energy than ring closure, some migration 
product should have been observed at room temperature. The 
absence of such product formation in photolyses at room 
temperature could be explained if it is assumed that there is 
a much smaller Arrhenius factor for 1,2 hydrogen migration 
than for ring closure, which is not unreasonable to expect. The 
other possible explanation is that the molecules are frozen in 
conformations in the solid matrix that favor 1,2 hydrogen 
migration. Efficiency studies, stereochemical probes, and the 
temperature dependence of the rate of reaction should provide 
information regarding this possible rationalization for the 
difference in reactivity of 6'in solution and in solid matrices. 

A point of spectroscopic importance concerns the observa­
tion of multiple phosphorescence from 2-spirocyclopropyl-
1-indanone in several glass matrices. This molecule has no 
enolizable a hydrogen, which in this case eliminates Lim's 
proposal'2 of emission due to enol formation. Wagner and 
co-workers13 reported dual phosphorescence from alkyl aro­
matic ketones, which was attributed to emission from 3n,7r* 
excited states frozen in the ground-state conformation and 
from conformationally relaxed excited states. In evidence it 
was shown that the emission intensities of the various compo-

In previous work, we have studied the competition for 9-
methoxyfluorenide ion between PhN02 and methanol as a 
function of counterion.1 In an attempt to remove the kinetic 
complications inherent in this system of low steady-state 

nents are viscosity dependent. Similarily the phosphorescence 
of 6 in rigid glasses such as MCH, E /M, or PMMA at 77 K 
exhibited multiple emission, while in a less rigid glass (iso-
pentane) it exhibited predominantly the low-energy part of the 
spectrum, in analogy with Wagner's observations. 
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carbanion concentrations, we decided to study a stable carb-
anion for which proton capture was not a factor in determining 
electron-transfer efficiency. We were fortunate to find that the 
fluoradenide ion, F D - , not only gives an electron-transfer re-

Carbanions, Electron Transfer vs. Proton Capture. 6. 
Determination of the Effect of Ion Pairing on the 
Electron-Transfer Equilibrium between Fluoradenide 
Ion and Nitrobenzene 

Robert D. Guthrie* and Nam S. Cho 

Contribution from the Department of Chemistry, University of Kentucky, 
Lexington, Kentucky 40506. Received December 15, 1978 

Abstract: Fluoradenide ion in methanol reacts with nitrobenzene in an endoergic electron-transfer equilibrium which is fol­
lowed by a rate-determining, second-order loss of nitrobenzenide ion. The rate constant for the second process has been deter­
mined by directly measuring the decay rate of photochemically produced nitrobenzenide using ESR spectrometry. Combina­
tion of Ka measurements with rate constants for loss of fluoradenide and loss of nitrobenzenide allows calculation of the effect 
of reaction variables on the electron-transfer equilibrium constant. This method has been used to show that ion pairing, which 
can be detected spectroscopically for the carbanion, stabilizes this carbanion more than nitrobenzenide ion, driving the equilib­
rium toward carbanion. A similar effect is observed for the proton-transfer equilibrium. The phenomenon is explained in terms 
of competition between ion pairing and hydrogen bonding as a mode of carbanion stabilization in this protic, polar solvent. 
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Table I. Near UV-Visible Spectra of the FD" 
Cations in Methanol at 30 0C 

" Salts of Various 

cation* 

Li 
K 
K-18-crown-6 
K-cryptofix(2.2.2)r 

Cs 
Me4N 
Me4N-18-crown-6 
(W-Bu)4N 
K in /-BuOH 

^max. nm 

360,375,536 
359, 374, 536 
361,377,520,554 
356, 376, 525, 550 
360, 370, 518,543 
361,376,516,549 
360, 376, 520, 553 
363,376,525,553 
357,373,520,553 

ion pairing 

free ion 
free ion 
ion pair 
ion pair 
ion pair 
ion pair 
ion pair 
ion pair 
ion pair 

" FDH concentrations were between 6 X 10 - 3 and 3 X 1O-5 M. 
* The positions and relative intensities of the maxima were indepen­
dent of base concentration between 0.05 and 1 M. In the case of the 
crown ether-potassium complex, mixed spectra were obtained when 
[crown ether]o was less than [KOMe]n- There was a slight hint of a 
double maximum developing in potassium methoxide at [KOMe] = 
2 M at 65 ° C . c 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane. 

action with PhNCh in methanol but that changes in its visible 
spectrum can be associated with the onset of ion pairing.2 Al­
though preliminary investigation showed that a dramatic 
change in the rate of F D - destruction could be associated with 
the conditions producing ion pairing, analysis of this effect in 
terms of individual rate constants was very speculative.12 

Further experimental work, centering on a careful ESR study 
of the reaction mixtures, now allows us to unequivocally de­
termine the origin of these interesting counterion effects. These 
results are the subject of the present paper. 

Because the important conclusions of this paper can be ex­
tracted from the data only through a rather involved calcula­
tion, we will attempt at this point to map our approach so that 
the reader can appreciate the necessity for the various exper­
imental measurements which follow. Our goal will be to un­
derstand the factors which influence the rate of formation of 
products in the reaction of PhN02 and F D - in methanol. 

We will show that the simplest reaction sequence consistent 
with our data is that of Scheme I. It will be noted that, although 
we can follow the progress of the reaction by measuring [FD -] 
spectrophotometrically, the reaction conditions are such that 
FDH is not completely ionized. The establishment of equi­
librium between FDH and F D - is essentially instantaneous 
relative to the subsequent progress of the reaction so that ^ H 
and &h do not become independently involved in the rate ex­
pression. Nevertheless, because the overall reaction destroys 
an equilibrium mixture of FDH and F D - , the rate of loss of 
this mixture, as followed by F D - disappearance, will depend 
on the ratio of reactive species (FD - ) to unreactive species 
(FDH). Our first task will therefore be the collection of equi­
librium data for this proton transfer under the conditions to 
be used in our kinetic study but with no electron acceptor 
present. Next, we will study the reaction of these equilibrium 
mixtures with PI1NO2 and establish the general characteristics 
of the kinetics and stoichiometry. We will then examine 
[PhN02 --] during the reaction using ESR, demonstrating that 
it is an intermediate and, by measuring its maximum value, 
[PhN02 - ' ]max, provide necessary data for relating the rate 
constants for its formation to that for its destruction. It will also 
be necessary to justify our assumption that FD- can return to 
F D - , i.e., that the electron transfer is reversible. This will be 
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Figure 1. Dependence of FDH ionization on nature of counterion. 
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done by carrying out the reaction of F D H with PI1NO2 in the 
presence of a second carbon acid. Our final experimental 
measurement will be the independent determinat ion of kt, 
under conditions comparable to the previous measurements 
in the absence of F D - . This will allow us to relate [PhN-
02~-]max and the ra te constant for loss of [ F D - ] , &ioss, to ke, 
k-t, and ka. 

After collection of the experimental data as described, we 
will carry out a detailed analysis of Scheme I and derive the 
rate equations necessary to calculate ks\

/lcl/k-e. On the as­
sumption that /ca is unaffected by changes in [MOMe] and by 
changes in M (K vs. Me4N), we will assess the effect of these 
reaction variables on the electron-transfer equilibrium con­
stant. 

Results and Discussion 

F D - in Methanol. Fluoradene (FDH) reacts rapidly with 
alkali metal and tetraalkylammonium methoxide in methanol 
to establish an equilibrium with its red-colored conjugate base 
(FD - ) . We have previously reported2 that this anion can exist 
either as the "free ion" with a single absorption maximum in 
the visible region or as an ion pair which exhibits a double 
maximum. Since our preliminary communication, we have 
investigated several new cations and this data is summarized 
in Table I. 

It is of particular interest to note that C s + F D - is ion paired 
in methanol. Apparently a similar phenomenon to that which 
distinguishes the Cs+ and K+ salts of fluorene in THF 3 is also 
operative for C s + F D - and K + F D - in methanol. Additional 
evidence that the spectral phenomena reported above are due 
to ion pairing is found in the apparent change in equilibrium 
constant for the reaction FDH + M e O - ^ F D - + MeOH 
with changes in cation. A careful study of [FD - ] / [FDH] as 
a function of [KOMe] and [Me4NOMe] is displayed in Table 
II and plotted in Figure 1. It was necessary to assume that the 
molar extinction coefficient, e^ax, of F D - is the same for free 
ions and ion pairs. This could produce a small systematic error; 
however, the similarity of emax in Me2SO-MeOH (4750) and 
that determined for F D - C s + in cyclohexylamine4 (4200) in-
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Table II. Effect of Cation Nature and Concentration on the 
Equilibrium FDH + MeCT ^ FD - + MeOH at 30 0C in MeOH 

[KOMe], [Me4NOMe], 
M [FD-]/[FDH]" M [FD-]/[FDH]° 

Table III. Dependence of k\osi" on PI1NO2 Concentration 

[PhNO2] 
M 

k loss X 10 4 , 
S - 1 

k2
b X 103, 

M - ' s - ' 

0.057 

0.111 

0.206 

0.292 

0.440 
0.494 

0.593 
0.652 

0.708 

0.856 

0.956 
1.08 
1.14 
1.33 
1.45 
1.59 
1.77 
1.99 

0.0043 

0.0116 

0.0260 

0.0459 

0.0945 
0.107 

0.175 
0.193 

0.193 

0.311 

0.422 
0.658 
0.603 
0.877 
1.12 
1.43 
1.45 
2.71 

0.0516 

0.0963 
0.0982 

0.137 
0.174 

0.237 
0.279 

0.399 

0.503 
0.579 

0.681 

0.749 
0.831 

0.934 

0.034 

0.121 
0.134 

0.262 
0.434 

0.839 
1.106 

1.66 

2.04 
2.65 

3.32 

4.13 
5.33 

10.9 

" The concentrations of FDH used in this study ranged from 3 X 
10-3 to 1 X 1O-4 M. The extinction coefficient of FD - was determined 
by adding Me2SO to methoxide-methanol solutions. At 75% (v/v) 
Me2SO, the value of f was essentially steady at €560 4750. The previ­
ously reported value was «556 4200 in cyclohexylamine with cesium 
cyclohexylamide.4 Other details are given in the Experimental Sec­
tion. 

dicates that no large differences in 6max exist as a result of ion 
pairing. 

It is clear from this data that not only does the apparent 
equilibrium constant ([FD~]/[FDH] [MeO - ] ) change with 
[MeO - ] , a phenomenon noted for other carbanions in meth­
anol,4 but that the activity coefficients involved are also a 
function of counterion. Even at 0.05 M, which is the lowest 
[KOMe] at which measurement of [FD - ] is practical, the 
value of [ F D - ] / [ F D H ] is nearly ten times greater with 
Me4NOMe than with KOMe. The ratio of apparent equilib­
rium constants for the two cations remained a relatively con­
stant factor of 20-25 between [MeO - ] = 0.1 and 1.0 M, de­
spite a roughly sevenfold change in both equilibrium con­
stants. 

It should be noted that a previous paper' in which we re­
ferred to our preliminary data for the F D - system stated that 
the apparent K& for FDH is more sensitive to [KOMe] than 
to [Me4OMe]. This is clearly not true and, if anything, the 
opposite is the case. Actually, considering the errors inherent 
in the high [Me4NOMe] data the increase in [ F D - ] / 
[FDH][MeO - ] with [MeO - ] is approximately the same for 
both counterions. The error in our earlier experiments is now 
believed to be due to inadequate purification of the argon used 
as a protective atmosphere. 

Reaction of F D - with PhN02. We next investigated the 
reactions of the above-described methanolic solutions of F D -

0.0192 
0.0385 
0.0769 
0.115 
0.192 

1.49 
3.38 
5.3 
9.9 
3.9 

7.8 
8.8 
6.9 
8.6 
7.2 

" /cioss is the first-order rate constant for the change in absorbance 
at536nm. [FDH]0 = 5 X 10-4 M and [KOMe] = 0.415 M. There-
action was run in methanol at 30 0C. * ki = fcioss/[PhNO2]. 

Table IV. Effect of [KOMe] on *i05S« with [PhNO2] = 0.0192 M 

[KOMe], 
M 

0.070 
0.070 
0.18 
0.42 
0.60 
0.74 
0.75 
0.91 
0.98 
1.21 

[FHD]0X 104, 
M 

60.0 
3.0 
4.6 
3.9 
3.9 
6.0 
0.30 
3.5 
4.5 
3.5 

X 102/[PhNO2], 
M - 1 S - 1 

0.125* 
0.125* 
0.328 
0.781 
1.46 
1.61* 
1.72* 
2.76 
4.46<-
5.15 

" First-order rate constants for loss of FD - were determined 
spectrophotometrically in methanol. * These runs were made at ap­
proximately 25 0C; all other entries were at 30.0 0 C . c This run was 
made with [PhNO2] = 0.0316 M. 

Table V. Effect of [Me4NOMe] on Reaction of FD - " with 
PhNO2 at 30.0 0C 

[MeNOMe], [PhNO2], 
M M 

ini t ial X 1 0 3 / /Cfinal/ 
[PhNO2],* [PhNO2],' 

M - 1 S - 1 M - 2 S - 1 

0.052 
0.094 
0.232 
0.374 
0.475 

0.0479 
0.0453 
0.0466 
0.0472 
0.0322 

0.8 
0.91 

>1.1 
>1.1 
>6.2 

>25 
7.95 
1.85 
1.30 

" [FDH] ranged from 2.4 X 1O-4 to 6.4 X 10-3 M. * Obtained from 
slope of plot of In (1 /A) vs. time where A = absorbance.c Obtained 
from plot of \/A vs. time. Slope Xe = k(\m\. 

salts with PhN02. These reactions proceed at convenient rates 
and produce bifluoradene in quantitative yield. GC analysis 
for PhN02 and its reduction products show clearly that the 
overall stoichiometry is that of eq 1. 

O 
t 

6FDH + 2PhNO2 *• 3(FD)2 + P h - N = N - P h (1) 
The reaction is first order in PhN02 as shown by the data 

listed in Table III and, in the case of KOMe, is first order in 
[FD - ] as shown by the linearity of In (A0/A,) vs. time through 
3 half-lives and the constancy of the slope of these plots (k\0Ss) 
with changes in [FDH]o-

Although it is possible to measure an approximate fcioss for 
all of the cations in Table I, accuracy is limited by the extreme 
insolubility of bifluoradene in methanol which interfered with 
spectroscopic measurements. Consistent and reproducible data 
were nevertheless obtained for one of the free ion systems 
(KOMe) and one of the ion pairing systems (Me4NOMe). The 
data for KOMe are listed in Table IV and plotted in Figure 
2. 
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Figure 2. Effect of [KOMe] on k]oss. 

Table VI. Dependence of [PhNO2- con [KOMe] 

run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

[KOMe], 
M 

0.0101 
0.0101 
0.099 
0.099 
0.099 
0.099 
0.853 
0.853 
0.849 
1.27 

[PhNO2] 
X 102, M 

36.1 
36.1 
3.64 
3.64 
3.61 

36.1 
3.63 
3.63 
0.378 
0.378 

[FDH]0 
X 104, M 

5.17 
47.9 

5.10 
4.44 

40.2 
4.95 
5.55 
5.09 
4.67 
4.67 

[PhN02--]max 

X 105,aM 

1.34 
4.25 
2.40 
2.27 
7.29 
6.19 
7.14 
6.96 
2.23 
2.55 

t b 

'maxi S 

800 
400 

1800 
2000 
800 
700 

<230 
194 
900 
500 

" Determined by comparison to standard nitroxide solutions as 
described in the Experimental Section. * Approximate times at which 
[PhN02

--]max = [PhNO2
--]. The observed maxima were very broad 

and the uncertainty in tmax was at least 10% and in some cases as much 
as 50%. 7 = 2 1 ± 1 0C. 

Table VII. Dependence of [PhNO2- (on [Me4NOMe] 

run 

11 
12 
13 
14 
15 

[Me4NOMe], 
M 

0.0106 
0.0106 
0.0513 
0.0513 
0.493 

[PhNO4] 
X 102,M 

36.1 
36.1 
35.9 
3.62 
3.62 

[FDH]0 

X 104,M 

5.31 
60.3 

5.29 
5.52 
4.24 

[PhN02--]max 

X 10VM 

1.33 
4.91 
4.19 
1.38 
2.09 

' max* 
S 

780 
200 
900 

3 400 
11 000 

" See notes for Table VI. * See notes for Table VI. 

The data for Me4NOMe solutions differ from the KOMe 
data in several striking ways. At the lowest [Me4NOMe] 
studied, 0.052 M, A:ioss/ [PhNO2] had an initial value of 8 X 
1O -4 M - 1 s - 1 , very similar to the corresponding value with 
KOMe. The first-order plot is linear through the first 30% of 
reaction but the slope proceeds to decrease thereafter until it 
is roughly 70% of its initial value during the third half-life. As 
the concentration of [Me4NOMe] is increased, the initial rates 
seem to rise slightly, but the decrease of rate with time becomes 
more pronounced. At 0.23 M, the first-order plot shows distinct 
curvature, and after the first half-life the data gives a better 
fit to a second-order plot. By 0.48 M, second-order behavior 
is observed after the first 25% of reaction and the entire as­
sembly of data points gives better linearity in a second-order 
plot. In Table V we present the different kinds of rate constants 
which can be estimated or determined for these runs. Figure 
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Figure 3. First-order plots for reaction of FD- with PhNO2 at different 
[Me4NOMe]. (a) See note a, Table V. (b) See note b, Table V. The In A 
axis has been displaced at different [MOMe] for clarity of presenta­
tion. 
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Figure 4. Second-order plots for reaction of FD- with PhNO2 at different 
[Me4NOMe]. (a) See note a, Table V. (b) See note c, Table V. The \/A 
axis has been displaced at different [MOMe] for clarity of presenta­
tion. 

3 shows the data plotted as a first-order reaction and Figure 
4 is a second-order plot of the same data. 

Analysis for [PhNO2
-*] during the Reaction of F D - with 

PI1NO2. By carrying out the reaction of F D - with PhNO 2 in 
the cavity of an ESR spectrometer the intermediacy of nitro-
benzenide ion (PhNO2

--) can be demonstrated and its con­
centration can be measured. [PhNO2

--] increases to a maxi­
mum value, [PhN02~-]m a x , and then decreases with time. 
[PhNO 2

- - ] m a x varies with [FDH]0 , [PhNO2], and [MOMe] 
as shown in Table VI for KOMe and Table VII for Me4-
NOMe. As with the loss of F D - , the data are similar at low 
[MOMe] but differ dramatically at high [MOMe]. At high 
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Table VIII. 

M+ 

K 
K 
K 
K 

K 

Me4N 

Me4N 
Me4N 

Effect of [MOMe] 

[MOMe], 
M 

0.0101 
0.099 
0.099 
0.858 

0.858 

0.0106 

0.0513 
0.486 

on kb 

[PhNO2] X 102, 
M 

36.1 
36.1 
3.64 
3.65 

0.378 

0.361 

3.64 
3.59 

3*b," 
M-' s-' 

140. 
14.2 
17.4 
38.2 
39.4 
36.8 
48.0 
91.1 

102.4 
17.1 
3.0 

" See Experimental Section for details of calculations. The values 
of 3/tb are at 21 ± 1 0C. The factor of 3 results from the fact that 
3PhNO2

-- are lost for every destruction event. 

[Me4NOMe], the time of [PhN02
--]max, tmm, increases to 

roughly 104 s whereas a decrease in ?max to 102 s is found at 
high [KOMe]. A higher value of [PhN02

--]max is also ob­
served in the latter case. 

Question of Reversibility of the Reaction of FD - with 
PhN02. In order to carry out the kinetic analysis described in 
the following section, it is necessary to have information about 
the partitioning of FD- in Scheme I. In order words, we must 
know whether the electron-transfer process is reversible. In our 
previous study of 9-methoxyfluorenide with nitrobenzene,1 it 
was concluded that the reaction was slightly reversible. Con­
sidering that the reactions following electron transfer should 
have similar rates in the two systems, it would reasonably be 
anticipated that electron transfer from FD - , a more stable 
carbanion, should be even more reversible. To demonstrate this, 
we studied the reaction of FD - with nitrobenzene in the 
presence of 9-aminofluorene as a second substrate. A 4.0 X 
1O-4 M methanolic solution of FDH in 0.301 M KOMe 
reacted with PhNO2 (0.078 M) at a fourfold lower rate when 
1.8 X 1O-3 M 9-aminofluorene was included. As we had shown 
previously that 9-aminofluorene produces PhNO2

-- in the 
presence of PhNO2 and MeO -5, the observed rate reduction 
is assigned to an increase in the rate of conversion of FD-
(fluoradenyl radical) to FD - at higher [PhNO2

--]. If the 
electron-transfer reaction were irreversible, changes in 
[PhNO2

--] would have no effect.6 

An additional demonstration of reversibility is found in the 
behavior of [PhNO2

--] during the reaction. Our present 
techniques require a minimum time between mixing and 
measurement of 150 s. For some of the examples in Tables VI 
and VII this is sufficiently short to allow us to collect data 
during the time period when [PhNO2

--] is still increasing. 
Such measurements determine a minimum rate constant for 
the initial production of PhNO2

-- and this was found to be 
significantly larger (in some cases by a factor of 10) than the 
rate constant for disappearance of [FD-] as determined later 
in the reaction. If the electron-transfer reaction were irre­
versible, initial and final rates would be equal. 

Direct Determination of the Rate Constant for Destruction 
of PhNO2

--, kb. We were able to produce PhNO2
-- in meth-

anol-methoxide using the photochemical reaction reported by 
Ayscough and Sayent7 and follow its decomposition by ESR. 
If PhNO2 and MeOH-MeO- are degassed and placed in a 
Pyrex tube in the cavity of an ESR spectrometer, no observable 
ESR signal is present after 30 min. If the tube is then removed 
and irradiated with visible light from a Hanovia medium-
pressure lamp for 5 min (or even held under the overhead 
fluorescent lights) a substantial ESR signal appears. The 
spectrum is exclusively that of PhNO2

-- and, in the darkness 
of the spectrometer cavity, decays in a cleanly second-order 

manner. The second-order rate constant is independent of 
[PhNO2] but is sensitive to [MOMe] in a significant way. The 
results of these measurements are presented in Table VIII. 

At methoxide concentrations of 0.01 M the values of kb are 
comparable for the two cations with the potassium case being 
slightly greater. As the base concentration is increased, ^b 
decreases for both cations and the decrease is almost exactly 
proportional to [MOMe]. As the [MOMe] concentration is 
raised above 0.1 M, however, k\, continues to decrease in the 
Me4N+ case but increases in the K+ case. The result of these 
curious changes is that the decomposition of [PhNO2

--] is 
significantly faster in KOMe solutions at concentrations above 
0.5 M. This then accounts for part of the cation dependence 
in ^loss-

Kinetic Analysis. Starting from Scheme I, it is possible to 
derive an equation relating /ci0Ss to ke, k-c, k^, and k\, as fol­
lows. Applying the steady-state approximation to [FD-] and 
[PhNO2

--] gives the equations 

2/UFD-]2 = Ar6[FD-][PhNO2] - A:_e[FD-] [PhNO2
--] 

(2) 

3A:b[PhN02
-.]2 = ke[FD~] [PhNO2] 

-fc_e[FD-] [PhNO2--] (3) 

respectively. The stoichiometric factors used for ka and kb are 
those expected for the destruction of these two species but have 
no effect on our calculation, provided that they are used con­
sistently. The kinetic order for destruction of nitrobenzenide 
is dependent on mechanism but we have shown that it is second 
order under the conditions of our experiments. (See preceding 
section.) Combination of eq 2 and 3 gives 

[FD-] = (3kh/2ka) '/2[PhNO2--] (4) 

Rearrangement of eq 2 gives 

[FD-] = A:e[FD-][PhN02]/(A:_e[PhN02
-.] + 2fca[FD-]) 

(5) 
and substitution of the value of [FD-] from eq 4 into the de­
nominator of eq 5 gives 

[FD-] = ^e[FD-] [PhN02]/([PhN02--] 
X{k-z + (6kakhy/2)) (6) 

At this point we are prepared to substitute in the basic rate 
equation for loss of [FD -]. Temporarily simplifying the sit­
uation by assuming that [FD -]/[FDH] » 1 at equilibrium 
gives 

-d[FD - ] /dr = A:e[FD-] [PhNO2] 
-*- e[FD-] [PhNO2

--] (7) 

which, with substitution of [FD-] from eq 6, gives 

-d[FD -] /df = [PhNO2] 
X [FD-]ke/((k-c/(6kakby/2) + 1) (8) 

If electron transfer is reversible, k-e» V6fc^and therefore 
the pseudo-first-order rate constant for loss of FD - (obtained 
with excess PhNO2) is given by 

fc*ioss = ke{6kaW
2[PKN02]/k-e (9) 

As mentioned previously, the situation is complicated some­
what by the fact that FDH is not completely ionized and 
therefore the observed first-order rate constant, A:|0SS, is smaller 
than that expressed in eq 9, which assumes FD" » FDH. 
Their relationship is given in the equation 

fcloss([FDH] + [FD"])/[FD -] = k*]oss (10) 

In principle, eq_9_and 10 accomplish our goal of enabling us 
to calculate ke-vk~Jk-&. The determinations of ([FDH] + 
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Table IX. Calculation of A:,oss from ESR Data in Tables VI, VII, 
and IX 

Table X. Calculation of key/k~l/k-

run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

11 
12 
13 
14 
15 

M 

K 
K 
K 
K 
K 
K 
K 
K 
K 
Me4N 
Me4N 
Me4N 
Me4N 
Me4N 

[MOMe], 
M 

0.0101 
0.0101 
0.099 
0.099 
0.099 
0.099 
0.853 
0.853 
0.849 
0.0106 
0.0106 
0.0513 
0.0513 
0.493 

*loss = [PhN02--]23*b/ 
([FDH] + [FD-]), S"1 

5.17X 10~5 

5.43 X 1O-5 

1.91 X 10-5 

1.98 X 10-5 

2.16X 10-5 

1.53 X 10-4 

4.40X 10-4 

4.63 X 10-4 

4.83 X 10-5 

3.34 X 10-5 

3.92 X 10-5 

6.42 X 10-5 

6.12 X 10-6 

AW[PhNO2], 
M - ' s - ' 

1.43 X 10"4 

1.50X 10-4 

5.25 X 10~4 

5.44 X 10-4 

5.98 X 10-" 
4.21 X 10"4 

1.21 X IO-2 

1.27 X 10-2 

1.28 X 10-2 

9.25 X IO-5 

1.08 X 10-4 

1.79 X 10-4 

1.69 X 10-4 

[FD -])/ [FD -], k\oss, and kb have all been described previ­
ously. Under some sets of conditions, however, it is not possible 
to use this method. This is true when the reaction does not 
follow pseudo-first-order kinetics, as is the case with [Me4-
NOMe] above 0.2 M, or when the [FD-] is too low to follow 
spectrophotometrically as with [KOMe] = 0.01 M. For these 
situations, an alternative calculation is available, based on ESR 
data obtained during the reaction. Equation 3 is used, but is 
invoked only at /max. This is legitimate because, at the time 
when [PhNCh--] reaches its maximum value, d [PhNO2

--]/d? 
= 0 independent of whether this is a good approximation at 
other times during the reaction. Substitution of [FD-] from eq 
4 into eq 3 leads to the equation 

[PhNO 2
- -W 2 = ^e[FD-] 

X [PhN02]/(3£b(l + (*-e/(6*ab)1 / 2))) (H) 

and the reversibility assumption converts this to the equa­
tion 

[PhNO2 
2 = = [FD-] [PhNO2] (ke/k-e){2ka/3kby/2 

(12) 

Equation 12 can then be used to calculate keVka/kb provided 
that [FD-] is known at ?max. Because the required value of 
[FD-] was found to be rather close to [FD-]0, the method used 
for its estimation was not critical to the calculation. It was, of 
course, necessary to know the extent to which [FDH]o was 
converted to FD - at the [MOMe] of each experiment and this 
presented a problem at low [MOMe]. 

Each of the two calculational techniques described above 
was used with that data in Tables VI-VIII to which it was 
applicable. Where both methods could be employed, agree­
ment was very good. The exact method applied at each 
[MOMe] will be described in the next section. 

An additional interesting feature of this treatment is that 
it allows &joss to be calculated entirely from ESR data provided 
that the loss of substrate at rmax can be estimated. Combination 
of eq 9, 10, and 12 leads to the equation 

k]oss = 3* b [PhN0 2 - .W/( [FDH] + [FD-]) (13) 

which gives k\0Ss without any time measurements provided that 
values of £b are available. In the cases described in this study 
[PhNO2

--Jm3X occurs before much conversion to (FD)2 has 
taken place. In such circumstances the equation 

[FDH] + [FD-] =* [FDH]0 - [PhNO2Jn (14) 

M 

K 
K 
K 
Me4N 
Me4N 
Me4N 

[MOMe], 
M 

0.0101 
0.099 
0.85 
0.0106 
0.0513 
0.493 

[FD-]a/[FDH] 

<0.001* 
0.010 
0.320 
0.001-0.007 <• 
0.035 
2.1 

A:*loss/PhN02VlA^ 
— ftgV 2.K&I K—% 

>1.23X 10~2rf 

1.33 X 1O-2 <> 
8.4 X 1O-3 d 

10.1-1.5 X 1O-3 d 

1.25 X 1 O - 3 ^ 
9.0X 1O - 5 ' 

is a good approximation. If tmax is available, the accuracy of 
eq 14 can be checked using the value of k{0SS calculated and a 

° From data in Table II. b [FD-] cannot be measured under these 
conditions. It is assumed that [FD-]/[FDH] will be at least propor­
tional to [KOMe]. c The upper value assumes proportionality to 
[Me4OMe]. The lower is the value used for [KOMe] =0.01 M.It may 
be safely assumed that both [FD-]/[FDH] and key/T^/k-e will 
become cation independent at very low [MOMe]. d Calculated using 
ESR data only.e Calculated using ESR data and spectrophotometric 
data obtained during the last run of Table V. 

correction made in [FDH] + [FD -]. In the calculations to be 
described, one iteration was sufficient. 

Cation Dependence of the Electron-Transfer Equilibrium 
Constant, ke/k-e. To estimate the dependence of ke/k-e on 
M and [MOMe], we proceeded as follows. For all sets of 
conditions in Tables VI and VII, we solved eq 13 for A:|0SS. This 
was done using [PhN02

--]max (entries in Tables VI and VII), 
3kb from Table VIII, and ([FD-] + [FDH]) estimated at rmax 
by the procedure described at the end of the preceding section. 
The values of k\oss calculated in this fashion are based entirely 
on ESR data. (See Table IX.) Where comparisons can be made 
with spectrophotometric rate constants in Tables IV and V, 
the agreement is reasonably good. At 0.85 and 0.099 M 
KOMe, the ESR-derived rate constants are a factor of 2 lower 
than the values interpolated from Table IV, which is reasonable 
considering the roughly 9 0C lower reaction temperature for 
the former experiments. The value of A;ioss/ [PhNO2] listed in 
Table IX for 0.0513 M Me4NOMe is low by a factor of 5 and 
this cannot be entirely explained on the basis of a difference 
in reaction temperature, but the uncertainty does not affect 
our conclusions. 

With k\oss thus determined, we employed eq 10 to estimate 
£*loss, using Table II to obtain values of [FDH]/[FD~] at the 
[MOMe] desired. Equation 9 then gives ke-v2k~l/k-e. An 
equivalent procedure avoids the calculation of A:ioss by using 
eq 12 directly. The value of k\oss must still be estimated, how-
everjn order to determine [FD-] at rmax. The values of ke-
Vka/kt are listed in Table X. 

The procedure described above is not applicable to runs 
carried out with [Me4NOMe] > 0.2 M because the loss of 
FD - is no longer first order. Equation 12 is still valid but a 
means to estimate [FD-] at tmax is required. In order to cal­
culate keVTl/k-e at [Me4NOMe] = 0.48 we used the data 
in Tables VI and VII to estimate [PhNO2

--] max and ;max under 
the conditions of the last entry in Table V. The measured value 
of [FD-] at rmax could then be used for calculation of ke-
y/kjk-e. When this method was applied to data obtained at 
[Me4NOMe] = 0.05 M, the value from the earlier described 
calculation was duplicated. All of this information is compiled 
in Table X. 

It can be seen that contrary to our earlier analysis the elec­
tron-transfer equilibrium constant is essentially invariant with 
[KOMe], possibly decreasing slightly with increasing 
[KOMe]. With Me4NOMe, there is a dramatic decrease in 
keV2k~l/k-c between [Me4NOMe] = 0.05 M and 0.5 M. 
Even at 0.05 M, the value with Me4NOMe is at least a factor 
of 10 below that for KOMe solutions of the same concentra­
tion. This difference is about the same as that between the 
values of [FD -]/[FDH] [MeO-] under the same condi­
tions. 
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Table XI. Rate Constant Ratios for 9-Methoxyfluorenide Ion in 
Methanol at 30 °C 

[MOMe], 
M 

0.056 
0.26 
0.64 
0.20 
0.50 
1.07 
2.20 

kD'X 104, 
M-' s-' 

0.76-0.85 
1.45 
2.93 
0.74 
1.15 
2.34 
9.6 

ki/kt 

4.6-5.3 
2.6 
0.71 
2.8 
2.5 
1.3 
0.70 

k-J 
Wkakb

a 

0.45-0.68 
1.9 

10.4 
0.79 
0.65 
1.08 
1.30 

" Note that some calculational errors have been corrected in this 
column. 

Conclusions 
The results listed in the preceding sections allow us to draw 

the following conclusions about fluoradenide ion in methanol 
and its reaction with nitrobenzene. 

1. The carbanion forms ion pairs with cations such as R4N+ 

and Cs+. It also forms ion pairs with smaller alkali metals ions 
if they are complexed by crown ethers or cryptands. This is 
reflected in spectral changes (Table I) and in effective changes 
in /Ca (Table II). Even in this polar protic medium, FDH is 
ionized to a 20-fold greater extent when KOMe is replaced by 
Me4NOMe at high concentrations of MOMe. 

2. The carbanion undergoes reversible electron transfer to 
PhN02 to form PhNO2

-- which, in turn, is destroyed by sec­
ond-order disproportionation. 

3. The observed rate of the reaction of the carbanion with 
PhN02 is dramatically affected by the nature of the counter-
ions present. With KOMe, the apparent first-order rate con­
stant, /cioss, increases by a factor of ca. 30 for a ca. 15-fold in­
crease in [KOMe]. With Me4NOMe, the rate not only does 
not increase but actually changes kinetic order. The net result 
is a much less efficient oxidation of the carbanion-carbon acid 
mixture in the presence of Me4NOMe in spite of the fact that 
more of the mixture is present as carbanion with this coun-
terion. 

4. We have been able to calculate values for ke\
rk~Jk-s at 

various [MOMe]. Although we cannot calculate absolute 
values for the electron-transfer equilibrium constants from the 
available data, it is reasonable to assume that /ca has a value 
between 105 and 109 M - 1 s-1.8 This means that ke/k-e =* 
10 -6-10 -8. This is therefore an example of a reaction in which 
an endoergic electron-transfer process provides the main ac­
tivation barrier. 

5. Assuming that fca, which represents a homolytic process, 
will be unaffected by [MOMe], the observed effects on ke-
\/~k~Jk-z may be interpreted as changes in the electron-
transfer equilibrium constant, ke/k-e. The data show that the 
stability of FD - is increased relative to PhNO2

-- by ion pairing 
with Me4N+. With KOMe, the stability of FD - relative to 
MeO - is increased with increasing [KOMe], but this has very 
little effect on the difference between FD - and PhNO2

--. 
The stabilization of FD - relative to MeO - and PhNO2

--
by ion pairing is viewed as a reflection of its highly delocalized 
character. The latter two ions and particularly MeO - are 
stabilized by hydrogen bonding to a sufficient extent that the 
close approach of a cation would be endoergic. With FD - , 
although hydrogen bonding to methanol may occur,9 this 
would tend to localize charge. It is therefore energetically 
advantageous to replace such solvation by ion pairing provided 
that a large cation is available. 

In addition to this study of fluoradenide ion, we have been 
able to use a photochemical reaction of nitrobenzene with 
methoxide-methanol, to produce nitrobenzenide ion. This 
allowed us to study the second-order decay of this species at 

various [MOMe] in methanol. At high concentrations we find 
a substantially lower second-order rate constant with Me4-
NOMe than with KOMe. This factor also contributes to the 
inefficiency of the fluoradenide reaction when Me4NOMe is 
present. When k\> is sufficiently small, [FD-] maintains a 
proportionality with [PhNO2"-] and the second-order nature 
of PhNO2

-- loss is reflected in FD - loss. The origin of the ef­
fect of M and [MOMe] on kt, is under investigation. 

It seems appropriate to discuss the impact of this new data 
on the conclusions of our previous study of the reaction of 9-
methoxyfluorenide ion with PhNO2. The results of that study 
are given in Table XI. The rate constants are defined in ref 1 
and have meanings analogous to those of the present paper. 
The designations k& and kD' refer to deuteron transfer to and 
from 9-methoxyfluorenide, respectively. Now that values of 
fcb are available, it can be seen that variations in k\> are re­
sponsible for part of the trend in k-e/^Vk^k^ • Its invariance 
with [KOMe] reflects the behavior of y/k~b in the part of the 
concentration range where comparable data are available. For 
the Me4NOMe case, the maximum variation of ^b taken from 
Table VIIl for the concentration range of Table XI is a factor 
of 7. This means that k-e increases by a factor of between 6 
and 9 (assuming no variation in \/fcJ over the tenfold range 
of increasing [Me4NOMe]. Whether this reflects a decrease 
in ke/k-Q or an increase in both ke and k-e cannot be deter­
mined from the available data. It is tempting to conclude that 
the stabilizing effect of Me4N+ on fluoradenide ion will be 
general for all carbanions. Studies that we will publish shortly 
show, however, that the magnitude of this effect with fluo­
radenide is rather unique even among carbanions of similar 
basicity. Methods which would allow further dissection of the 
ratios in Tables X and XI are under investigation. We will also 
apply the methods developed in this paper to other carban­
ions. 

Experimental Section 
Solvents and Solutions. The preparation of these has been described 

previously.1'5 Nitrobenzene and 9-aminofluorene purifications have 
been described.'-5 Fluoradene was prepared by the method of Baum 
and Schechter.10 Solutions of fluoradene in methanol must be stored 
under argon and are likely to decompose slowly. The concentration 
of fluoradene must be checked by UV analysis at regular intervals. 

Visible-UV Spectroscopic Measurements. A two-compartment 
mixing container was joined to a 1 -cm quartz cell via a ground glass 
joint. For kinetic runs, nitrobenzene was placed in one of the com­
partments. The entire apparatus was connected to a vacuum system 
via an adapter section containing a 2-mm stopcock. The apparatus 
was evacuated and filled with argon that had been passed over a 
Chemalog R3-11 oxygen-removal catalyst. This argon purification 
was absolutely critical to the success of experiments with fluoradenide 
ion. Its solutions were not stable when commercial argon was used 
without purification. Solutions were degassed before transfer and 
introduced into the apparatus using a calibrated gas-tight syringe and 
degassed again by evacuation at -78 0C. The cell, mixing container, 
and adapter section, after filling with purified argon, was removed 
from the vacuum line, the solution allowed to equilibrate to the desired 
temperature, and mixing carried out. The quartz-cell portion of the 
apparatus was then placed in the thermostated cell compartment of 
a Cary 15 spectrophotometer. 

ESR Measurements. Samples for measurements and kinetic runs 
were prepared exactly as described for the UV-visible studies above 
except that a 3-mm Pyrex tube served as the measurement cell. 
Measurements were carried out with a Varian E-109 Century Series 
ESR spectrometer with the 90° out-of-phase signal minimized. 
Concentrations were measured by comparing Hw2 for the second peak 
to standard solutions of 4-acetamido-2,2',6,6'-tetramethylpiperi-
dino-1-oxyl (H = peak to peak amplitude, w = peak to peak width). 
Measurements for standard solutions were carried out in the same cell 
used for PhNC>2_- studies and were proportional to concentration 
below 9 X 1O-4M. Reproducibility was within 10%. For the series of 
experiments described, the same cell was used for [PhN02--]max 
measurements and for determination of kb. 
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Irradiation Experiments. Irradiations were carried out by exposing 
the 3-mm tubular cell described above to light from a medium-pres­
sure 450-W mercury lamp (Hanovia) with 0.1 M FeCb solution as 
a filter. The tube was transferred to the cavity of an ESR spectrometer 
and the PhNO2

-- peak described above was scanned at short intervals. 
A plot of 1/H X w2 vs. time was linear. Its slope was proportional to 
3A:b with the proportionality factor being determined by the above-
described measurements on standard nitroxide solutions. 
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+ 1, 10%), 180.0037 (M+-, 22%, C6H3O3F3 requires 180.0034), 152 
(22%), 97 (24%), 84 (14%), 69 (100%), 67 (76%), 66 (30%). 

1,2,3-Butatrien-l-one (2). This was generated by flash vacuum 
pyrolysis of butadienoic trifluoroacetic anhydride (1). 

flash vacuum 
CH2=C=CHCO2COCF3 (1) >- C H 2 = C = C = C = O 

pyrolysis 

(2) + CF3CO2H 
The pyrolysis furnace was a 400 X 25 mm i.d. silica tube, heated to 
520 0C. Spectra were obtained by pumping the pyrolysate directly 
through the spectrometer from the furnace. Spectra of the following 
compounds and mixtures were run separately at a pyrolysis temper-
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Abstract: Butatrienone (vinylideneketene) has been generated by flash vacuum pyrolysis of buta-2,3-dienoic trifluoroacetic 
anhydride. The microwave spectrum has been observed and assigned in the region 8-83 GHz. Rotational and centrifugal dis­
tortion constants have been determined for C H 2 = C = C = C = O , C H D = C = C = C = O , and C D 2 = C = C = C = O , The dipole 
moment was found to be ̂ a = 1.967 ± 0.019 D (6.47 ± 0.06 X 10~3° Om). There is evidence that butatrienone is a planar mol­
ecule of C2t symmetry, and that the heavy atoms lie along a straight line. 
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