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Oxidation of 2-substituted fluorenes to the fluorenones with alkaline hypobromite in aqueous dioxane has been 
kinetically studied by means of uv spectrophotometry and glc analysis. The rate is expressed as u = kl[fluo- 
rene][NaOH] at [NaOH] < 0.4 M, and u = kz[fluorene][OBr-]/[Br-] at [NaOH] > 0.6 M. The effect of 2 substitu- 
ents on the reaction of fluorenes with a mixture of BrrNaOH at 25' and at [NaOH] = 0.01-0.1 M gives a p value 
of f4.40. The reaction of 2-bromofluorene with alkaline hypobromite at higher concentrations of NaOH (2.1 M) 
and NaBr (1.0 M )  afforded 2,9-dibromofluorene. A mechanism is postulated, which involves a proton abstraction 
from the 9 position of the fluorene followed by a rapid hypobromite attack to give the 9-bromofluorene and then 
the fluorenone. The rate-determining step changes from proton abstraction to oxidation of 9-bromofluorene with 
increasing the concentration of NaOH. For the elucidation of later steps, the rate of hypobromite oxidation of 
2,9-dibromofluorene to 2-bromofluorenone was measured; the observed rate expression, v = k3[2,9-dibromofluo- 
rene] [OBr-]/[Br-1, suggests a mechanism involving elimination of Br- from 9-bromofluorene followed by an at- 
tack of OBr- to give the fluorenone. 

The compounds bearing an active methylene group are 
oxidized by hypohalite to  give dimeric olefinic derivatives 
in alkaline  solution^^-^ with some exceptions such as halo- 
form reaction. For example, benzyl cyanides react with hy- 
pohalite to  give a,a'-dicyanostilbenes.2 A number of work- 
e r ~ ~ - ~  have studied these reactions and suggested mecha- 
nisms involving an initial formation of carbanion, which is 
halogenated and then condensed to  dimeric products. 

RO- \ ROX \ / 
)CH2 - ,CH- - ,CHX - >C=C \ 

9-Halofluorene reacts also with alkali to  give bifluorenyl- 
idene (9),5 but 2-acetylfluorene is oxidized by potassium 
hypochlorite to  fluorenone-2-carboxylic acid, but  not the 
expected dimer.6 We observed that  fluorenes often yielded 
the corresponding fluorenone by the hypohalite oxidation 
under certain conditions. my + 20x- - wy + H,O + 2X- 

0 
The mechanism of these oxidations of fluorenes has not yet 
been studied and there is no appropriate explanation for 
the different oxidation behaviors between fluorenes giving 
fluorenones and others giving dimer. 

The authors wished to  clarify these phenomena and the 
mechanism concerning oxidation of fluorenes. The present 
paper reports a study on kinetics and mechanism for the 
hypobromite oxidation of fluorenes and 9-bromofluorene, a 
probable intermediate, in alkaline aqueous dioxane by fol- 
lowing the formation of fluorenone by uv spectrophotome- 
try or glc analysis. 

Resul ts  
Products. Fluorenes were treated with alkaline hypo- 

bromite in aqueous dioxane (27% water) a t  25O. Fluo- 
renones were produced in good yields from fluorenes with 
electron-attracting groups and no other products were de- 
tected. Their yields were estimated by means of glc and 
shown in Table I. On the other hand, 2,9-dibromofluorene 
was obtained by the treatment of 2-bromofluorene with so- 
dium hypobromite in the presence of excess sodium hy- 

Table I 
Products and Yieldsa of the Reaction0 of 

Fluorenes with Hypobromite in Alkaline Aqueous 
Dioxane (27% Water) at 25" for 5 hr 

Products yields 

Substituent of Fluorenone, Bifluorenyl- 

fluorene, loF3 M Registry No. % idene, X 

2 - N 0 2  (1.85) 607-57-8 100 
2-CN (2.30) 2523-48-0 100 
2-Br (1.95) 1133-80-8 96 
2-Ac (2.21) 781-73-7 99" 
2-Me0 (2.03) 2523-46-8 15 
None (2.42) 86-73-7 5 
2,g-diBr (1 .53)d 6633-25- 6 100 
2,9-diBr (0.306) 100 
2,9-diBr (1.53) 98 Trace 
2,9-diBr (30.6) 87 13 

a Yields were calculated by measurement of glc analysis of prod- 
uct and starting fluorene, since there is no by-product. b [NaOBrJo 
= 0.125 M, [NaOHIo = 0.125 M .  CFluorene-2-carboxylic acid. 
Reaction with NaOH alone (0.125 M ) .  

droxide (2.1 M )  and sodium bromide (1.0 M )  in aqueous di- 
oxane (27% water) at 25O. 

The reaction of 2,9-dibromofluorene with alkaline hypo- 
bromite under the same conditions as fluorenes gave 2-bro- 
mofluorenone and 2,2'-dibromobifluorenylidene but no 
other products detectable by glc analysis. The yield of bi- 
fluorenylidene increased with increasing the concentration 
of 2,9-dibromofluorene (Table I). 

Kinetics. The rate of the reaction of 2-bromofluorene 
(2.00 x M )  with sodium hypobromite (0.0199-0.199 
M) in alkaline (NaOH, 0.007-0.687 M )  aqueous dioxane 
(75% water) was measured by means of uv spectrophotome- 
try of product at 25'. 

The pseudo-first-order rate constants in the rate equa- 
tion of u = k&sd( [2-bromofluorene]o - [Z-bromofluore- 
none]) are listed in Table 11, where [ 10 means initial con- 
centration. The k&d value is proportional to  the concen- 
tration of alkali up  to  0.4-0.5 M sodium hydroxide, but  is 
independent of the concentration of BrO- and Br-. 

u = k~[2-bromofluorene][OH'] 
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Table I1 
Pseudo-First-Order Rate Constants for the 

Reaction of 2-Bromofluorene with NaOBr in 
Alkaline Aqueous Dioxane (75% Water) at 25" 

Table I11 
Pseudo-First-Order Rate Constants for the 

Oxidation of 2,9-Dibromofluorene with NaOBr in 
Alkaline Aqueous Dioxane (75'70 Water) at 25" 

I n i t i a l  concn I n i t i a l  concn 

tNaOBrlO, [NaOHIOIQ l N a B r l O ,  1o4kObsd, 104k 3 , c  
10-2 1.1 M 10-2 M sec-1 M-' sec-1  

1.99 17.7 3.99 5.39 30.5 
1.99 17.7 4.49 5.30 29.9 
1.99 17.7 4.99 5.35 30.2 
1.99 17.7 6.99 3.53 12.3 
1.99 17.7 11.99 2.12 12.8 
1.99 0.7 1.99 0.267 37.4 
1.99 9.2 1.99 2.60 28.3 
1.99 17.7 1.99 5.33 30.1 
1.99 26.2 1.99 7.22 27.6 
1.99 34.7 1.99 10.00 28.8 
1.99 43.2 1.99 10.7 (24.8)" (10.7)e 
1.99 51.7 I .99 12.2 (23.7)" (12.2)" 
1.99 60.2 1.99 12.2 12.2 
1.99 68.7 1.99 12.3 12.3 
4.99 17.7 4.99 5.33 30.1 
7.50 17.7 7.50 5.32 30.1 
9.98 17.7 9.98 5.33 30.1 

15.0 17.7 15.0 5.26 29.7 
19.9 17.7 19.9 5.32 30.1 

1.91 100 97.2 0.249 12.7 
3.82 100 99.1 0.467 12.1 
5.73 100 101 0.704 12.4 
7.64 100 103 0.995 13.4 

Added concentration. Total concentration. kl = kobsd/ 
[NaOHIo. kZ = kOb,d[NaBr]o/[NaOBr]o. These values are in the 
break point of the plot of kobsd us [NaOHIo; hence the k1 and kz 
values deviate. 

However, when the concentration of alkali is over 0.6 M, 
the rate is independent of [OH-] and expressed as 

u = k2[ 2 -bromofluorene][OBr-]/[Br'] (2) 

The rate of the oxidation of 2,9-dibromofluorene, a prob- 
able intermediate, was measured in aqueous dioxane (75% 
water) a t  25'. The formation of bifluorenylidene was negli- 
gible a t  this low concentration of 2,9-dibromofluorene (2.12 
X M ) .  The data are listed in Table 111. The pseudo- 
first-order rate constant, hobsd', in the equation of u = 
k,bsd'([2,9-dibromofluorene]~ - [2-bromofluorenone]) is 
proportional to the concentration of OBr- and inversely 
proportional to  the concentration of Br-. Thus the rate is 
expressed as 

li = kS[2,9-dibromofluorene][OBr']/[Br'] (3) 

The rate constant K 3  is approximate to  the k z  value in eq 2. 
Substituent Effect. Relative rates for the reaction of 2- 

nitro-, %cyano-, 2-acetyl-, 2-bromo-, 2-methoxy-, and un- 
substituted fluorenes with sodium hypobromite were mea- 
sured in alkaline aqueous dioxane (27% water, [OH-] = 
0.0125-0.125 M )  a t  25' by means of glc. The data are listed 
in Table IV, which gives a p value of 4.40 ( r  = 0.986) with 
Hammett's a(meta). 

Discussion 
Initial Stage. Carbanion Formation. In our previous 

paper2 on the kinetics for the oxidative coupling of benzyl 
cyanides with alkaline hypohalites, we suggested a mecha- 
nism which involves a rate-determining a-proton abstrac- 
tion from benzyl cyanide followed by a rapid hypohalite at-  
tack to  give a-halobenzyl cyanide. The analogous kinetic 

1.91 100 
3.82 100 
5.73 100 
7.64 100 
1.52 100 
1.52 100 
1.52 100 
1.52 100 
1.52 100 
1.91 100 
1.91 50 .O 
1.91 20.0 
1.91 10 .o 
5.73 100 

Added concentration. 
[NaBr]o/[NaOBr]o. 

97.2 0.251 
99.1 0.495 

101 0.758 
103 1.01 

9.55 2.03 
19.1 0.906 
23.9 0.834 
28.7 0.699 
38.2 0.582 

1.91 12.5 
1.91 13.3 
1.91 13.5 
1.91 12.3 
5.73 11.7 

b Total concentration. 

12.8 
12.8 
13.5 
13.6 
12.8 
11.4 
13.1 
13.2 
14.6 
12.5 
13.3 
13.5 
12.3 
11 .7  

'k3 = kobsd. 

Table IV 
Relative Rates for the Reaction of 2-Substituted 

Fluorenes with NaOBr in Alkaline Aqueous Dioxane 
(27% Water) at 25" 

Substituent of fluorene k,,l Substituent of fluorene k,,] 

2-NOZ' 802 2-Ac"' 83.3 
2-CNQ 141 2-OMeb 3.10 

a [NaOH] = 0.0125 M.  [NaOH] = 0.125 M.  
2-BrQib 60.3 None * 1 .oo 

data, i.e., the rate law (eq 1) and substituent effect a t  
[NaOH] < 0.4 M ,  are also obtained in the oxidation of fluo- 
renes to  fluorenones and these data suggest a rate-deter- 
mining abstraction of the 9 proton of fluorenes 1 to  give 
carbanion 2 a t  an initial stage. In other words, rate eq 1 
implies that  one molecule of fluorene and a base should 
participate in the rate-determining step. The large p value 
of 4.40 is similar to those p values of 3-4 for a number of 
reactions which involve a rate-determining deprotonation 
to  give c a r b a n i ~ n . ~ , ~  

Scheme I 

1 

L 

I 
Br 

3 

a. Y = NO?; b, Y = CK; c, Y = Br: d, Y = Ac; e, Y = OMe; f ,  Y = H 

In view of the analogous studies on the reaction of carb- 
anion with hypohalites,2~3~8 the carbanion 2 from fluorene 
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would also react rapidly with hypobromite to  give 9-bro- 
mofluorene (3). 2,9-Dibromofluorene (3c) yields on treat- 
ment of hypobromite in alkaline aqueous dioxane 2-bro- 
mofluorenone together with 2,2'-dibromofluorenylidene, 
but no formation of fluorenylidene but fluorenone was ob- 
served a t  a low concentration of 2,9-dibromofluorene. The 
change of the rate law (eq 1 and 2) implies that  the rate- 
determining step for 2-bromofluorene changes a t  0.4-0.6 M 
NaOH; i .e. ,  a t  [NaOH] > 0.6 M ,  the formation of carbanion 
is faster than the oxidation of an intermediate, 2,9-bro- 
mofluorene, which was isoiated and identified. Further- 
more, the h2 value (12.5 X sec-l) of eq 2 agrees with 
the k3  value (12.9 X lo-* sec-l) for the oxidation of 3c with 
alkaline hypobromite (eq 3). Hence the intermediacy of 9- 
bromofluorenes 3 is implied for the formation of fluo- 
renones. 

Oxidation oE 2,9-Dibromofluorene (Speculation of 
Subsequent Steps). One of the pathways for the conver- 
sion of formed 9-bromofluorene to  fluorenone may be 
Scheme 11. 9-Bromofluorene appears to  give carbanion 4 
more easily than fluorene 1 because of the presence of the 
electron-attracting 9-bromo group. Since fluorenylidene is 
obtained by treatment of 3 with alkali, carbanion 4 may 
e x i ~ t , ~ - ~  which may give 9,9-dibromofluorene (5) similarly 
to  the conversion of 1 to  3.2>338 Then dibromide 5 may be 
hydrolyzed to  fluorenone 6, since a,a-dihalo compounds 
are hydrolyzed to  carbonyl compounds as exemplified in 
the hydrolysis of benzophenone dichlorideY and benzal 
chloride.1° However, kinetics observed in our hands rule 
out this scheme, because the rate of 3c with hypobromite is 
independent of the concentration of the base (eq 3). 

Lovinsll observed in their study on the solvolysis of 1- 
and 4-carbomethoxy-9-bromofluorenes the  formation of 
stable 9-fluorenyl cation 7 because of the planarity of 7. 
Thus Scheme 111 is considered; i.e., carbonium ion 7, which 
may be formed from 3, may give fluorenol 8 by an attack of 
hydroxide ion followed by its oxidation to  fluorenone 6 by 
bromine. 

However, no fluorenol 8 but bifluorenylidene 9 alone was 
obtained by the treatment of 3 with alkali, whereas fluo- 
renone 6 was obtained as a main product by the treatment 

Br 
3 7 

7 + QBr- 0 0 + HBr (9) 

Y 
slow 

0 
6 

Scheme V 

2 

Y 
Br 

3 4 
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0 
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of 3 with alkaline hypobromite, so that  the formation of 
fluorenol should be slower than the formation of bifluo- 
renylidene and than that  of fluorenone. Further, kinetic 
data are inconsistent with this scheme; i.e., Scheme 111 can- 
not lead to the rate equation 3. Hence, the intermediacy of 
9-fluorenol 8 is of doubt. 

Our kinetic observations can only be explained by 
Scheme IV. 

If eq 9 is rate-determining, the rate should be expressed 
as 

And this is the case (eq 3). The intermediacy of 9-fluorenyl 
hypobromite (lo), which can give fluorenone 612a in step 9, 
is probable, because the nucleophilicity of 0Br -  should be 
stronger than that  of OH-.lZb An alternative process may 
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be a concerted one (11); i e . ,  fluorenone 6 is formed from 7 
by an attack of OBr- and a simultaneous elimination of 
HBr. 

10 
B; 

11 

Overall Mechanism of the Oxidation of Fluorenee. In 
conclusion, the mechanism of the oxidation of fluorenes by 
a mixture of bromine and alkali may be as follows in 
Scheme V. The abstraction of the 9 proton from fluorenes 
by a base occurs initially to  give carbanion 2, which then 
gives 9-bromofluorenes 3 by an attack of hypobromite. 
This scheme is similar to  the initial stage of the conversion 
of benzyl cyanide into dicyanostilbene.2 However, 3 should 
give fluorenone but  no bifluorenylidene 9, because (i) car- 
bonium ion 7 may be more stable than carbanion 4, (ii) the 
concentration of 3 is very low, (iii) the rate of the formation 
of 9 is second order in 3.2J'd Carbonium ion 7, which is 
formed from 3 by elimination of Br-, gives directly fluo- 
renone 6 with an attack of hypobromite OBr- but  not 
through fluorenol 8. The rate-determining step depends on 
the concentration of alkali; Le., step A determines the rate 
a t  [NaOH] < 0.4 M and step B determines the rate at 
[NaOH] > 0.6 M. 

Experimental Section 
Materials. Used fluorene was purified by recrystallization after 

distillation: mp 116' (lit.13 116'). Substituted fluorenes were pre- 
pared from fluorene according to the literature. Substituents and 
mp were as follows: 2-NO2, 156' (lit.14 156-157'); 2-CN, 89-90' 

94'); 2-Br, 110-11lo (lit.16 113'); 2-Ac, 128O (lit.17 128- 
129'); 2-OMe, 105-106' (lit.18 108-109'); 2,9-diBr, 124-125' 
(lit.lga 118-120°, lit.Igb 127'). The purities of fluorenes were con- 
firmed by glc analysis. A Hitachi K-53 gas chromatograph with a 
flame ionization detector was used with a 1.0 m X 3.0 mm column 
packed with Apiezon Grease I, (3%) on Celite 545 and/or PEG 20 
M (10%) on Chromosorb W at a temperature increasing at 10'/min 
from 150 to 250'. 

Inorganic materials were of commercial guaranteed grade. Diox- 
ane was heated to reflux over sodium and distilled (bp 101'). The 
solution of hypobromite (1.0 M )  was prepared by addition of aque- 
ous NaOH (80.0 g in ca. 600 ml) to Br2 (160.0 g) with cooling in a 
salt-ice bath and then diluted to 1000 ml in a measuring flask. The 
content of hypobromite was analyzed iodometrically before use. 
The solution can be stored in a refrigerator for 2 months. 

Products. Fluorene (50 mg) was dissolved in 50 ml of dioxane. 
Water (10 ml), aqueous NaOH (1 M, 10 ml), and aqueous NaOBr 
(1 M, 10 ml) were added to the solution which was then stirred at 
% 5 O  for 5 hr. Aqueous NazS203 was poured into the mixture to re- 
move hypobromite and extracted with benzene. Products were iso- 
lated, if necessary, with silica gel column chromatography and ana- 
lyzed by glc and ir to be the expected fluorenones. Substituents, 
yields, and mp were as follows: 2-NO2, loo%, 218-220' (lit.20 219- 
221'); 2-CN, loo%, 169-171' (lit.21 173-174'); 2-Br, 9696,149-150' 
(lit.21 149-150'); 2-COOH, 99%, >300° (lit.6 310'); 2-OMe, E%, 
76-78' (lit.21 78-79'); unsubstituted, 5%, 83' (lit.I3 85'). 

For the preparation of 2,9-dibromofluorene, 2-bromofluorene 
(200 mg) was added to 200 ml of aqueous dioxane (27% water) con- 
taining NaOH (2.1 M), NaBr (1.0 M ) ,  and NaOBr (0.2 M) and the 
heterogeneous reaction mixture was stirred vigorously for 10 hr a t  
25'. 2,9-Dibromofluorene was olntained in a yield of 73% (by glc 
analysis): mp 124-125' (lit.lgb 127'). 

The NaOBr oxidation of 2,9-dibromofluorene in the same man- 
ner as fluorenes gave 2,2'-dibromobifluorenylidene (0-1396) to- 
gether with 2-bromofluorenone (100-87%). On the other hand, 
when 2,9-dibromofluorene (50 mg) was treated with aqueous 
NaOH alone (10 ml of 1 M NaOH) in aqueous dioxane (27% water) 
at 25' for 5 hr, 2,2'-dibromobifluorenylidene was obtained quanti- 
tatively. 2,2'-Dibromobifluorenylidene (the mixture of cis and 
trans): red crystals; mp 260-280' [lit.22 312' (cis), lit.23 264' 

(trans)]; uv (Amax) 253, 264,282, 292 nm; ir, 810, 770, 720 cm-l (no 
absorption of carbonyl); glc, only one peak. 

Kinetics. 2-Bromofluorene was selected as the most suitable 
substrate, since it was oxidized at a moderate rate in aqueous diox- 
ane. 2-Nitro- and 2-cyanofluorenes form complexes with alkali so 
that the rate could not be measured by means of uv spectropho- 
tometry. Fluorene and 2-methoxyfluorene were so slowly oxidized 
that uv spectrophotometry couId not be employed for the rate 
measurements. Rates of these fluorenes were measured by means 
of glc as described later. Typical experiments were as follows. The 
reactions were started by addition of aqueous hypobromite 
(NaOBr 5-20 X 
M) and aqueous NaOH (0.007-0.7 M) in a thermostated 10 mm X 
10 mm quartz cell held at constant temperature of 25'. The rate 
was followed by measuring the concentration of produced 2-bro- 
mofluorenone by means of uv spectrophotometry at a wavelength 
of 264 nm (2-bromofluorenone, A,,, 264 nm, E 7.00 X lo4; 2-bro- 
mofluorene, €264 2.00 x 104). 

The plot of In ([2-bromofluorene]o - [2-bromofluorenone]) 
against time gave a satisfactory straight line under these condi- 
tions at  least up to 80% conversion, where [ 10 means initial con- 
centration. The pseudo-first-order rate constants (k,bsd) were cal- 
culated from the slopes. 

The rate with 2,9-dibromofluorene (€264 1.15 X IO4) was mea- 
sured in the same way. The formation of bifluorenylidene was neg- 
ligible under these conditions. 

The relative rate of fluorenes were measured by means of glc 
analysis of substrate and products. The typical experiments were 
as follows. The reaction was started by addition of a dioxane solu- 
tion of fluorenes (2.5-2.0 X M) to the solution of NaOH 
(0.0125 Mor 0.125 M) and NaOBr (0.0125 M or 0.125 M) dipped in 
a thermostat at 25'. At appropriate time intervals, aliquots were 
taken out and extracted with benzene. The benzene extract was 
washed with aqueous NazSz03 to eliminate hypobromite and con- 
centrated by evaporation of benzene; then the content of fluorenes 
and fluorenones were measured by glc with a column packed with 
Apiezon Grease L (3%) as stated above. The plot of In ([fluorene]/ 
[fluorene]") is linear up to 60-80% conversion. 
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