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Anthracene and  anthraquinone can be converted t o  9,9,10,10-tetradeuterio-9,lO-dihydroanthracene in the 
presence of excess Dz (or DzO), CO, and catalyt ic amounts of  CO~(CO)S.  Pyrene also undergoes reduct ion and 
H-D exchange a t  the 4 and 5 positions; phenanthrene fails t o  react. When 1-octene is treated w i t h  CO and 
C O ~ ( C O ) ~  in the presence of  the tetradeuteriodihydroanthracene, as a deuter ium source, Cs aldehydes, random- 
l y  subst i tuted w i t h  deuterium, result. 

Both heterogeneous and homogeneous metal catalytic 
systems effect random hydrogen-deuterium exchange be- 
tween water (or DzO) and alkylbenzenes, benzene, and 
polycyclic ar0matics.l-7 Garnett and coworkers have ex- 
tensively studied the homogeneous aqueous system for 
H-D exchange based on PtC142-.2-7 Recently, a homoge- 
neously catalyzed exchange between deuterium gas and 
an aromatic compound has been reported.8 

We wish to report that  C o z ( C 0 ) ~  will catalyze selective 
hydrogen-deuterium addition and exchange involving an- 
thracene (or 9,lO-dihydroanthracene) and anthraquinone 
with either deuterium gas or DzO. To our knowledge, this 
is the first example of an exchange catalyst that  has high 
selectivity for specific hydrogens and that can use either 
Dz or DzO as its isotope source. 

When anthracene is treated with synthesis gas and cat- 
alytic amounts of C O ~ ( C O ) ~ , ~  quantitative yields of 9,10- 
dihydroanthracene are obtained.10 The reduction has now 
been done using DZ or DzO, CO, and Coz(C0)~ .  We find, 
accompanying the reduction of anthracene, exchange a t  
the 9 and 10 positions takes place, resulting in formation 
of 9,9,10,10-tetradeuterio-9,lO-dihydroanthracene (I). The 
same product is formed when anthraquinone is treated 
with Dz or DzO in the presence of 60 and Coz(C0)s. This 
reaction, using successive equilibrations, offers a synthetic 

route to I. By chemical, rather than catalytic, dehydroge- 
nation of I, it  should be possible to prepare anthracene 
isotopically labeled on the 9 and 10 carbon atoms (V). 

Experimental Section 
Mass spectral analysis was done o n  a Consolidated Electrody- 

namics Corp. Mode l  110-B high-resolution instrument.1l  The in let  
system was operated a t  160"12 and 10-6 Torr.  It has been shown 
t h a t  deuterat ion does no t  change the sensitivity o f  the component 
in the mass spectrometer.l3 The data therefore are shown as a per 
cent of t o ta l  ionization, wh ich  assumes equal sensitivit ies for a l l  
components. 

Nmr spectra were run o n  a Var ian  A-60 spectrometer w i t h  
chemical  shifts reported in parts per m i l l i on  f rom TMS (6) .  

Reduct ion-Exchange of Anthracene U s i n g  Coz(CO)s,  a n d  D2. 
T o  a 200-ml rocking autoclave were added 0.2 g of Co2(CO)8, 2 g 
of  anthracene, and 30 ml of  benzene. The  system was flushed sev- 
eral t imes w i t h  CO and pressured w i t h  a mix tu re  of Dz (98 a tom 
%) and CO (see Tab le  I ) .  Upon  complet ion of t he  reaction, the 
mix tu re  was ref luxed in air for 8 hr t o  decompose the C02(CO)s 
and fi l tered, and the solvent was removed. The product was re- 
crystall ized f rom ethanol. 

Reduct ion-Exchange of Anth racene  U s i n g  C o ~ ( C 0 ) s  a n d  
D2O. T o  a 200-ml rocking autoclave were added 0.2 g of 
C o z ( C 0 ) ~ ,  2 g of  anthracene, 30 ml of dioxane, and 5 ml of DzO. 
The  system was flushed several t imes w i t h  CO and pressured t o  
3000 ps i  w i t h  CO. The work-up of the reaction product was the 
same as above. 
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a z Conversion of Anthraquinone to Deuterated Dihydroanthra- 
cenes. To a 500-ml stainless steel rocking autoclave were added 
10 g of anthraquinone, 0.5 g of C O ~ ( C O ) ~ ,  and 250 ml of benzene. 
The system was flushed with CO and pressured with 800 psi of Dz 
(DzO may also be used as the deuterium source) and 1100 psi of 
CO. Upon completion of the reaction, the mixture was refluxed 
for 8 hr to decompose the CoZ(CO)8 and filtered, and the DzO 
was removed. The resulting solution was evaporated to  dryness 
and the product was recrystallized from ethanol. 

Results and Discussion 
When anthracene is treated with Coz(C0)~ ,  CO, and Dz 

in benzene or with C O ~ ( C O ) ~ ,  CO, and DzO in dioxane, 
selective reduction and exchange a t  the 9 and 10 positions 
occur (as shown by vpc, uv, and nmr analysis), 'giving 
varying amounts of compounds I-VI1 (Scheme I; not all 

Scheme I 
The Reductive Hydrogen-Deuterium Exchange of Anthracene 

Showing Some of the Possible Equilibrium Reactions 
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possible equilibria are shownj. Table I shows the condi- 
tions under which the reactions were run and the various 
hydroaromatic products formed as determined by mass 

2 cy 8 0 LO 8 8 rl o cy m cy Q, o pu 3 spectral analysis. The reaction goes in either benzene or 
4 m a  v 3 b  .."$ dioxane solvent and in dioxane either Dz or DzO can be 

In each experiment shown in Table I, the product dis- 
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F1 p 8 used as the isotope source, both giving good yields of 1-111. 

*: a $  :: tribution makes it clear that anthracene is readily re- 
~ ri cy 3 2 ~12 duced to I1 ( m / e  182) followed by H-D exchange to give 
t; z 2 $ $ $ 0 2 I11 and I. The exchange may be directly on I1 to give I11 

oa 
3 + 

a $  y g  s a 
and then I, or it may involve successive dehydrogenation- 
hydrogenation, such as I1 - IV - 111. Very little unre- 
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duced anthracene is observed by either uv or vpc; the 
small peaks in the mass spectra a t  m l e  178-180 are be- 
lieved due largely to dehydrogenation of 1-111 in the mass 
spectrometer12 and not exchange of the protons on an- 
thracene to form IV and V. Some of the 180 peak is due to 
Vll formed by back-equilibration with Hz. 

The distribution of products 1-111 as a function of tem- 
perature and time is further indication that reduction is 
faster than exchange and that an equilibrium amount of I 
is formed only after considerable time a t  higher tempera- 
ture. 

The selective nature of the reduction-exchange reaction 
can be evaluated from the mass spectral data. No signifi- 
cant peaks in the mass spectra, above m / e  184 (I), have 
been observed. If exchange of ring protons 1-8 did occur, 
incorporation of more than four deuterium atoms would 
be expected and peaks above m l e  184 would be observed. 
The specific selectivity for positions 9 and 10 in anthra- 
cene is further substantiated by the nmr spectra. The nmr 
spectra of 9,lO-dihydroanthracene has sharp singlets a t  
3.87 and 7.18 ppm, corresponding to the 9,lO protons and 
protons 1-8, respectively. The nmr spectra of the mixtures 
of deuterated products were run and compared with the 
spectrum of pure 9,lO-dihydroanthracene (using solutions 
of equal weight concentration). The peak a t  7.2 ppm is a 
sharp singlet of nearly equal intensity in each sample. 
The peak a t  3.8 ppm, however, is broadened and consider- 
ably reduced in intensity in the deuterated samples; the 
broadening is due to H-D coupling. The fact that  no loss 
in intensity is observed in the peaks a t  7 . 2  ppm for the 
deuterated samples further demonstrates the lack of ex- 
change of protons 1-8. 

In order to test the hypothesis that reduction is the 
faster of the two reactions and that exchange occurs pre- 
dominantly in the dihydro species, 11, the exchange Teac- 
tion was carried out using 9,lO-dihydroanthracene as the 
starting substrate. Exchange of the 9 and 10 protons does 
occur, resulting in a distribution of deuterated products 
(Table I). Equilibration is slower when starting with the 
dihydro compound, since all four protons must exchange. 

When anthraquinone is treated with D2 in benzene or 
DzO in dioxane, in the presence of CO~(CO)S and CO, it is 
readily converted to the deuterated dihydroanthracenes, 
1-111. A product from an anthraquinone reduction contain- 
ing 66% I and 20% I11 was treated for 5 hr, in benzene, 
with CO and an equimolar amount of 1-octene in the 
presence of CoZ(C0)s a t  160" to  determine if dihydroan- 
thracene would act as a hydrogen source in the oxo reac- 
tion. The olefin was readily converted to  the CS aldehydes 
and the dihydroanthracenes were converted to a mixture 

of 50% anthracene; 40% 9-deuterioanthracene, and 10% 
9,lO-dideuterioanthracene. 

Mass spectral analysis of the aldehydes indicates con- 
siderable deuterium substitution throughout the molecule, 
thus accounting for the low deuterium content of the an- 
thracene. Deuterium substitution in the aldehyde proba- 
bly results from isomerization of the olefin, involving ex- 
change with DCo(C0)4, followed by hydroformylation. 

Phenanthrene, which is relatively inert to Co2(CO)s- 
catalyzed hydrogenation,lOJ4 9,10-dihydrophenanthrene, 
and diphenylmethane were also used as substrates for the 
reduction-exchange. No reaction occurred with diphenyl- 
methane and little, if any, reaction occurred with phenan- 
threne and 9,lO-dihydrophenanthrene (Table I). The re- 
duction of pyrene a t  the 4 and 5 position has been re- 
ported,1° and we have found that exchange a t  these posi- 
tions does occur. No tetrahydropyrene is formed and no 
exchange other than a t  the 4 and 5 positions is observed. 
Exchange seems to occur only a t  positions which undergo 
reduction, and where some sort of activation is present, 
i .e. ,  an aromatic ring a to the point of exchange, in both 
reduced and unreduced compounds. 
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