
that its dark halo 1s accuratelv axisvmmetric 

Iiright ellipticals are observed to be 
slo~vly rotating, and lf these galaxies are 
generically axisymmetric, their slow rota- 
tlon llnplles nearly equal n ~ r ~ n b e r s  of stars 
o n  tube orbits traveling in  both  dlrectlons. 
Such a configuration would arise naturally 
as the potential evolved from triasiality 
into axial symmetry Py Ivay of the  mech- 
alnistn describeci here: Stars o n  boxlike 
orbits undergo pe r~od ic  changes in  the  
iiirection of their angular momenta,  and 
e v e n t ~ ~ a l l v  a n  ensemble of such stars 
\\,auld presumably populate a set of tube 
orbits with roughly equal numbers of ro- 
tating and counterrotating members. A 
galaxy with this orbital composition might 
reveal ~tself  bv a stronelv flatte~leii  or  dou- 

< >  , 

ble-peaked distribution of line-of-sight ve- 
loc~ties (27) .  
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Mineralization of Chlorofluorocarbons and 
Aromatization of Saturated Fluorocarbons 

by a Convenient Thermal Process 
Juan Burdeniuc and Robert H. Crabtree* 

A chemical reaction has been discovered that mineralizes chlorofluorocarbons (CFCs) and 
enables the complete destruction of these environmentally hazardous species. The re- 
action products are easily handled solids, including recyclable alkali metal halides. Under 
milder conditions, the same reaction causes partial defluorination of cyclic perfluoroal- 
kanes to yield perfluoroarenes, which are valuable chemical intermediates. The vaporized 
substrates are passed over a packed bed of heated sodium oxalate; heating at 270" to 
290°C causes mineralization, whereas heating at 230°C causes aromatization. 

Saturated tluorocarhons anci CFCs are 
anlong the   no st inert substances kllo~vn (1) .  
This inertness has enviro~lnlental conse- 
quences because, ~ v h e n  released, these spe- 
cies are. lnot destroved in the lower atmo- 
sphere hut survive to reach the stratosphere. 
For example, CF4, released in electrolytic 
a lu rn in~~m production, has a high global 
~varming potential through the greenhouse 
effect (2 ,  3) .  CFCs, popular refrigerants, not 
only have global warming effects but also 
have a high potential for ozone depletion, 
because thev call release C1 atoms under 
high-energy ultraviolet photolysis in the 
ozone layer (3).  Tlle same clhemical inertness 
makes it very difficult to effectively dispose 
of existing stockpiles of CFCs and similar 
species, anii this has been called "a problem 
of lnajor iiimensions" (4,  p. 25). Very fen  
reactions of tluorocarbons are known (5); 
most involve the Inore reactive fluoroarenes 
or require corrosive reagents (or reagents 
that are available only in research quanti- 
ties). Fe~v of these reactions are applicable to 
the lnost refractory saturateci species, such as 
Freons, alnii none is convenient for routine 
use o n  a large scale. 

W e  looked for a two-electron reducing 
agent, o n  the  grouniis that fluoroalkenes are 
stabler interlneiiiates than are the radicals 
that would be forlned in  a one-electron 
reiiuction. W e  wanted to colnbine the re- 
d ~ ~ c t a n t  with a fluoride-abstracti~lg compo- 
nent ,  such as a lnetal cation. Alkali metal 
oxalates therefore seemed a good choice. 
Here, we report an  effective and inexpe11- 
sive method of mineralizing CFCs by pass- 
ing the  vapor through a p c k e d  bed of 
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po~vciered sodium oxalate (Na2C,0,)  at 
27C°C, with the use of a vapor-phase mul- 
tipass a p p a r a t ~ ~ d o r  gases (6 )  or a reflux 
multipass apparatus for liquids (7). This 
reaction, as applied to CF2C12 (Freon-12), 
is sholvn in Eq. 1: 

CF2C1:(g) + 2NalC104(s) = 2NaF(s) 

+ 2NaCl(s) + C ( s )  + 4 C 0 2 ( g )  (1 )  

Elemental carbon, which can be isolated 
and neighed, is fornleii in the stoichiomet- 
ric amount expected fro111 Eq. 1. T h e  resi- 
due also contains NaCl  and NaF in the 
expected amounts. Very high mineral~za- 
tion yieliis (8) were obtained from typical 
Freons (Table 1) .  N o  Inore than three pass- 
es were ever recluireii, and for ClF2CCF2Cl 
(Freon-1 14),  even a single pass through the 
bed caused complete mineralization. T h ~ s  
reaction looks prolnislng for the  des t r~~c t ion  
of C F C  stockpiles because it requires only 
very simple hot-tube chemistry, shows n o  
tendency to give ~~ncontrol lable  exotherms, 
and uses a n  inexpensive and noncorrosive 
reagent. T h e  products (carbon and the  al- 

Table 1. Mineralization products of certain per- 
halocarbons. TM. trap-to-trap multipass appa- 
ratus (6): RM, refux multipass apparatus (7); SP,  
s~ngle-pass apparatus; PS, passes (72). The 
number of passes required for complete miner- 
alization is given. 

Meth- PS Product yield (%) 

od (no) C F- 
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kali metal halides) are all easily hanciled 
solids; any oxalate salt remaining at the  end 
of the  reaction can be pyrolyzeii to the  
carbonate a t  35a°C, if desired. 

Pertluori~alkanes are much more readily 
available than their unsaturateii derivatives. 

T h e  products are well-known organofluo- 
r i m  compounds, and thus their identity was 
readily confir~neii by ~hvs ica l  nleasurelnents 

and therefore ~ n ~ l s t  play a role. For example, 
the yields obtained in the  reduction of per- 
f l~~oromet l~v lcvc lo l~exa~~e  (C-F, , )  to uer- 

, L  , 

such as 'V n~lclear lnagnetic resonance 
(NklR) ,  infrared spectroscopy, and gas 
c h r o ~ ~ ~ a t o g r a ~ l ~ ~ l l l n s s  spectroscopy. 

T h e  reflux apparatus (7) used in  the  
retlux ln~~l t ipass  studies allolvs selective re- 

, I f -  

fluorotoluene (c~F,) varieci as a functioix of 
temperature (a t  200°C, the yield was 72% 
~ v i t h  K,C,04 as a reducing agent, ~vllereas 
110 reaction occurred with Na lC ,04  or 
Li2C,04; a t  230°C, the  yields were 70% 
with Na lC ,04  and 50% with Li2C,0,). A 
tilne course for the Na,C,O, reaction a t  
23C°C is shown in Fig. 1. 

and a method that woulci enable their partial 
detluorination to perfl~~oroarenes ~vould thus 
be very valuable. A number of attempts to do 
so have been reported (5), but they used 
reagents that are inconvenient and difficult 

actions to be achieved because the higher 
boiling point product co~ncentrates in  the 
liquid, ~vhereas the vapor phase is enriched 
in  the Inore volatile starting material. T h e  
i~nterlneciiate reduction proiiuct (such as 2 )  

c3 

to control. Metallic iron or nickel is often 
used at 4SC0 to 50C°C in coln~nercial oper- 
ations (Y), but fluoriiie is lost as lnetallic 
fluor~iie (1 L1) that requires disposal. 

W e  a p p l ~ d  o ~ l r  oxalate reaction to syn- 
thetic partial defluorination, 111 ~vh ich  the 
by-product, NaF, is a c o ~ n ~ n o n  tluorlne 
source in synthesis and can he recycled ( 1 1 ). 
V(I11en the temperature of the oxalate beci 
was held at 23C°C to prevent excessive mll1- 
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eralizat~on, ciefluor~nation was no  longer 
complete and a fluoroarene could be isolat- 
eci. In the case of perfluorodecal~n ( I ) ,  this 
product was perfluorotetralin ( 2 )  or perflu- 
oronaphthalene (3 ) ,  depending on the exact 
con i i~ t~ons .  T h e  overall reaction for the case 
of 1 + 3 is shown in Eel. 2: 

Closer esalninat~on of this reaction showed 
that the reactlon rate of the cis isolner of 1 
(1 : 1 cisltrms ~nlxture)  was 2.5 tunes that of 
the  tmns isomer, which led to a substantial 
e n r ~ c h l n e ~ l t  of the starting material in  the  
trans isomer. 

T h e  reactloll call also be run under sin- 
gle-pass conditio~ls ( 1  2)  by saturating a11 N r  
stream n ~ t h  the substrate vapor anci passing 
the gas rnlxture throueh the oxalate bed. 

Note  that some of the  substrate was st111 
m~neral~zed.  Table 2 shows the results for 
this reactloll ~v1t11 five different substrates. - 

L~nder  s~ngle-pass conditions, both rings of 
1 were arolnatized to glve 3 in 30% yielii. 
S ~ d e  chain CF, groups were unaffected LIII- 

Table 2. Defuorlnation-aromatzation products of 
some cyclic fluorocarbons. RM, reflux multipass 
apparatus (7). SP. s~ngle-pass apparatus (72). 
The yleld is based on the amount of saturated 
fluorocarbon converted. 

iier e ~ t h e r  reflux multipass or single-pass 
cond~tlons.  

T h e  lnechan~sm rernalns speculat~ve a t  
this stage, but a plaus~ble pathway involves 
Na,C,04 acting as a two-electron transfer 
agent to the fluorocarbon while the cation 
acts as an  F acceptor. Accordingly, perha- 
locarbons react ~vhereas partially halogenat- 
eii species such as CICH,CHZC1 do not,  
because the  latter are insufficientlv nower- 

Substrate Method Product Yield 
1%) 

, . 
ful electron acceptors. T h e  nature of the 
catloll affects the outconre of the reaction 

11. lbld., p. 196 
12. The s~nge-pass apparatus had a flow/ rate (at 1 atm 

and 25%) of 4.0 mlimn of substrate vapor (mneral- 
zaton) or 200 mimin of N, saturated w~th substrate 
vapor (aromatzation). At T = 270°C and with a reac- 
rlon bed of 20 mm by 20 cm, the typical reactlon tilne 
was 2 hours (minerazation) or 10 hours (aromatiza- 
t~on). For dagrams of all the apparatus, see J. Burde- 
nuc and R H Crabtree. J. Am. Chem. Soc . n press 
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C,F, by Na,C,O, at 230'C In a refux multipass 
apparatus. 
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