Experimental

Apparatus and Procedure for Tritiation of Multiple Bonds.
—The tritiation apparatus employed is illustrated in Fig 1.
The hydrogeuation bottle containing catalyst and material
to be tritiated was placed in a mechanical shaker. The
entire system with stopcock E open was evacuated with a
water aspirator through stopcock A and flushed several times
with tank hydrogen through stopcock G.  Au atmosphere of
“‘cold’’ hydrogen is left in the bottle by closing stopcock B.
With the system evacuated at 15-20 mn. pressure, stopcocks
Cand F closed, aud the mercury at the top of the 350-nil.
buret at stopcock D, the tritiumn ampoule is opened at the
breuk seal. The mercury in the buret is pulled down with
the Toepler pump at the base of the burct i order to traus-
fer the tritium from thie aiipoule into the buret. Stopcock
D is then closed und the pressure in the ampoule brought
to 1 atm. with tank hydrogen. The gas iu the ainpoule was
then pulled into the buret anud Toeplered back and forth be-
tween buret and ampoule twice to cusure thorough mixing.
This process was repeated nutil ubout 150 ml. of gas at 1
atnl. presstre was coutained in the buret.  The shaker was
then started, and after this quantity of gas was used in the
reduction, stopcock B was closed and tlie above procedure
repeaterl.  In all, this method of removal of tritium and
reduction with portions of 150 ml. of gas was carried out
five times. The buret was theu filled comnpletely with tank
liydrogen and the reduction allowed to go to coupletion.
The appuratus should be employed iu an efficient hood and
since onee used for tritiation it hecomes contaminated s there-
after, it should be used for tritiation experiments only.
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Fig. 1.-=Tritiation apparatus.

Methylphenylcarbinol.—In u Puarr hydrogenation bottle
were placed 5.0 ml. of distilled acetophenoue (b.p. 44-15°,
I min.) and 0.30 g. of platinum oxide catalyst. The reduc-
tion wus carried out by the procedure described above cm-
ploying a tritium ampoule containing 50 mc. (Oak Ridge
value). The hydrogenation stopped by itself after 1158 ml.
of gas was absorbed in 3.5 hr. (Theoretical uptake of hy-
drogeu for reduction of acetophenone to carbinol was 1102
ml.). The organic material was dissolved in ether and
filtered to remove the catalyst. After most of the ether
lied Dbeen distilled off ut atinospheric pressure, the lust
traces were removed in vacuo. In a comparable cold run
methylphenylearbinol (b.p. 887, 13.5 muu.) (nf® 1.52601)
was isclated in 929 yield.

Dehydration of Methylphenylcarbinol to Styrene.—1u the
hot run, the tritiated methylplienylearbinol, after the last
traces of ether had been removed from it, was dehydrated
directly without distillation.

To the flusk containing the methylphenylearbinol were
added 10 mg. of picric ucid und 5 mg. of p-toluenesulfonic
acid and to the receiver 10 mg. of picric acid. With the
bath temperature at 155~190°, the water and styrene dis-
tilled at 42-68° at 100 mm. pressure. After drying over
anhydrous magnesium sulfate, 3.54 g. of styrene b.p. (62.5~
63.5°, 60 mm.) (n%¥p 1.5409) was obtained which repre-
sented a 799, yield based on acetophenone.

Analysis of this material for tritium indicated a specific
activity of 0.66 me./mm.

Oxidation of Styrene to Benzoic Acid.-—In order to deter-
nmine whether any tritimm had been introduced inte the
styvrenc by excliunge of tritium with protiuin on the benzene
ring, the tritiated styrene was oxidized to beuzoic acid with
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potussium permanganate?® and the benzoice acid analyzed for
its tritiuim coutent.

To remove any tritium that might have exchanged with
the carboxyl hydrogen during the oxidation, the benzoic
acid was dissolved in 5% sodium hydroxide solution and
allowed to stund for 30 minutes. The sclution was acidified
with sulfuric acid and chilled i an ice-bath for 30 minutes.
The white solid was filtered, washed with cold water and
again dissolved inn sodium hydroxide. This process was
carried out four times iu all. The benzoic acid thus ob-
tuiuetlo was dried in an Abderhalden pistol (in.p. 122.8-
123.0°).

Analysis for tritium coutent indicated 0.06 me.,/mm.
which would correspoud to 99, of the total tritium in the sty-
renc.*

Tritium Analyses.—Analyses for tritium were accoum-
plished by combustion of the organic compound ou a sewi-
micro scale and conversion of the tritiated water to tritiumn.?
The tritium gas was then counted in an ionization chamber
in conjunction with a Lindemann-Ryerson clectrometer:®
The cquivalence of rate of discharge of the electrometer
(mv./sec.) per millicuric of tritiumn was established with
aliquots of tritium obtained by manometric dilution of
several tritium ainpoules of given awctivity as supplied by
Oak Ridge Natiounal Laboratory.

Acknowledgment.—We wish to thank Mr. John
J. Rohan for valuable assistance on the mano-
metric dilutions of the tritium gus.

t3) R. L. slhriner and R, C. Fuson, " The Systematic Identifieation
of Organic Compounds,” 2ud Ed., John Wiley and Sons, Ine., New
Yerk, N. Y., 1940, p. 164,

(41 1If there were no prefercutial formation of C-T bond over, C-H
bond, then calculating from tlie values of the specific activities of the
tritiated styreue and the tritiated benzoic acid, the specifie activity of
the carbinol should have been 1.26 me,/mm. Even if all of the 30 me.
of tritinm in the ampoule had been introduced into the acetophenone,
theoretically the maximum value of the specific activity of the earbinol
would have been 1.16 me./mm.

This observed discrepancy between the theoretical and computerl
values of the specifie activity of the carbinol can be attributed to one
or more of the following factors: fa) The values assiguned by Oak
Ridge for the tritinm content of the 30 me, ampoule und for several
ampoules usetl in the standardization of the analytical procedure may
ltave beeninerror.  th) The error of the analytical procedure employed
is withiu #3-10%  (¢) There may be a preferential formation of the
CT bhoml or O~ bond over a C- I bond and O-T bond in the redue
Lion of acetophenone with H-T.

1.. €. Anderson and N. W. MacNaughton (Tu1s JOURNAL, 64, 1136
t10424) have reported preferential formation of the C-D buud in the
reduction of the carbonyl group with H--D over Raney nickel. How-
ever, they observed no such seleetivity with a platinum catalyst at
room temperature, Théy established that the observed effects were not
dite to exchange reactions under the conditions of the hydrogenation.

A preferential reaction of H-T with a carbonyl group would
seem possible.  1f less than 100'7% of the tritium were introduced into
the acetophenone, as is iikely, the cffcct is even more significant. It is
toped that further work will help determine whether In estalytic re-
ductions of carbonyl compounds with H~T such preferential formation
of C-T hond actually occurs.

250 FoC Henriques, Jr., and C. Margnetti, [nd. Eag. Chem., 18, 420
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The Heat of Formation of Ferrocene

By F. ALBERT CoTTON AND GEOFFREY WILKINSON
RECEIVED JUNE 6, 1952

Ferrocerie has been prepared! by reaction of
cvclopentadienylmagnesium bromide with ferric
chloride, and ulso, bv the direct action of cyclo-
pentadienne on a “dotbly-promoted Haber cat-

(1, T 1. Kealv and V. L auson, Natwre, 168, 1039 (1951).
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alyst.”? A structure for ferrocene has been given
previously?® in which the iron atom is symmetrically
situated between the planes of two cvelopentadienyl
rings. This structure for ferrocene implies aro-
matic character and chemical evidence has been
presented for this character.

The heat of combustion of ferrocene has now been
determined; the heat of formation calculated from
this value and the chemical equation to which it
applies are
10C(s) + SHu(g) + Fe(s) = (CiHs):Fe(s)

AHflgs = 4+33.8 & 1.3 keal. (1)
The heat of the following reaction has been cal-
culated
CH—=CHy_ 7
2; /CH;(I) + Fe(b) = (C5H5)2FC(S) + H)(g)
(2

Ao = —17.4 £ 1.4 keal.

The heut of formation of cyclopentadiene (+25.6
kcal.) was caleulated using the heat of combustion
of cyclopentane (786.34 kcal.)® and the heat of
hydrogenation of cyclopentadiene (—50.9 keal)).
The latter figure is for hydrogenation in the gas
phase at 355°. The correction to 298° would be
less than 0.05 kcal. and was therefore neglected.
The standard states and additional thermochemical
data used in calculations are those given in ‘‘Tables
of Selected Values of Chemical Thermodynaimic
Properties,”” Natl. Bur. of Standards, 1947.

An attempt has been made to calculate the reso-
nance and bending energies in ferrocene. Since the
energy of a C-H bond is 98.2 kcal.,” it can be
assumed that ~100 kcal. would be required to
break a normal C-H bond at 298°; the heat of
recombination of the hydrogen atoms is —104
kcal. The resonance energy of the cyclopenta-
dienyl radical was estimated in two ways. First,
assuming that this radical with 57 electrons will
be stabilized by resonance to 3/; the extent of the
resonance stabilization in benzene (36 kcal.)® a
value of 30 keal. is obtained. A calculation by
Dr. Richard Diamond, using a method analogous
to the molecular orbital treatment for benzene,?
gives a value of 1.838. Aguin taking 36 kcal. for
the resonance energy of benzene, making 8 equal
to 18 keal., a value of 33 kcal. is obtained for the
resonance energy of the cyclopentadienyl radical.
Since the actual value is more likely to be below
than above either of these estimates, a value of
30 kcal. seems reasonable.

On the basis of the above we have

2C;Hs = 2CHs + Hy AH = 36 kcal. (3)
The subtraction of equation (3) fromn equation (2)

(2) S. A. Miller, J. A. Tebboth and J. F. Tremaine, J. Chem. Soc.,
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(8) W. H. Johnson, E. J. Prosen and F. D. Rossini, J. Research Natl.
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N. Y., 1952, p. 235.
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then gives 33 kcal. for the energy of the carbon to
iron bonding. However, if one regards the total
resonance energy for two cyclopentadienyl radicals,
60 kecal., as belonging to the ferrocene molecule as
a whole (which is certainly more realistic), then the
combined energies of resonance and carbon to iron
bonding would be 113 kcal. An energy of this
muagnitude accords with the unusual stability of
ferrocene.
TaBLE I

Warer EQUIVALENT OF BoMB AND CALORIMETER

Cor. Cal, Wt. of Dev.
True temp. from water Water from
mass, rise, thread in pail, equiva- mean,
g. °C. and eit g. Teut %
0.98146 2.7067  90.7 1904.87 4249 +0.04
94758 2.6094 78.6 1904 .87 124.9 + .04
1.00706 2.7760  88.6 1904.87 424 .4 - .08
Mean 424.7 £ .05
TaBLE 1l
EXPERIMENTAL DATA ON FERROCENE
Cal.
Cor. from °
True temp. thread AH comb., AHf:
mass, rise, and Fe;Oq, Fe:03,  keal. keal.
Sample g °C. eit g. g. mole~1  mole !
1 1.01703 3.3250 49.3 0.354 0.070 —1404.6 +33.9
2 0.99327 3.2640 85.2 .338 077 —1404.3 +33.8
3 L97705 3.2055 83.5 .385 .021 —1402.2 +32.5
4 1.03915 3.4146 81.7 .375 058 —1405.5 +35.1
Mean +33.8
Experimental

The apparatus and procedure used were identical with
those of Richardson and Parks !® with the following excep-
tions. The heat of combustion of the cotton thread
(weighed in air) used for ignition was 4033 =% 3 cal. per g.
The bomb was flushed by filling to 10 atmospheres pressure
with oxygen and allowing this to escape until the pressure
was again | atmosphere. Three repetitious of this procedure
prior to each run sufficed to reduce the nitric acid correc-
tion, as determined by titration with standard base, to less
than 0.05 calorie. The sensitivity of the bridge and gal-
vanometer set-up was 0.00005 ohm (0.0005°). The mass
of the materiul to be burned was determined to =0.05 mg.
and the weight corrected to vacuum. The water equivalent
of the calorimeter and bomb were determined using U.S.
Bureau of Standards benzoic acid (Sample 39F), and the
nleasurements were made under the conditions specified by
Washburn.!! All temperature rises were corrected by the
method of Dickinson.!? The products of the combustion
of the ferrocene are water, carbon dioxide, magnetic oxide
of iron (Fe;04) and ferric oxide. The percentage of iron
present which was converted to Fe,O; was in no case greater
than 18%,; calculation shows that in this range an error of
+2.0 in estimating this percentage produces an error of
only 0.1 kecal. in the heat of combustion value. Further-
more, it is known that the heats of formation of the iron
oxides are somewhat dependent upon the method by which
they are prepared. An estimation of the Fe.O; formed in
combustion was made by wushing it away from the Fe;O,
with water, since the Fe;O; formed in a fluffy deposit over
the inside of the bomb whercas the Fe;O; remained largely
in the small cup with a little spattered on the wall of the
bomb in small adherent globules. A check chemical analy-
sis of the oxides confirmed the above estimate of the amount
of Fe,O3 formed in the combustion.

The ferrocene had been sublimed twice in a vacuum.

Sample 1 was then recrystallized five times from carbon
tetrachloride prior to use. Samples 2 and 3 were recrys-
tallized three times prior to use. Sample 4 was recrystal-
lized three times after sublimation and once immediately
before use.

The mean value for AHf{e is 33.8 kcal. and the mean

(10) N. W. Richardsou. and G. S. Parks, THIs JOURNAL, 61, 3543
(1939).

(11) E. W. Washburn, Bur. Standards J. Research, 10, 525 (1933).

(12) H. C. Dickinson, Bull. Burcau of Standards, 11, 189 (1914).
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deviation is 0.7 kecal. The estitnated maximui crror is

+1.3 keal.

We wisli to thank Professor G. B. Kistiakowskv
for the loan of his equipment and for helpful advice,
Mer. Irving Osvar for preparation of the ferrocene
used in this experiment and Professor R. B. Wood-
ward and Dr. R. M. Diamond for stimulating
discussions.
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Identification of Phenols by Paper Partition
Chromatography!

By Wen-Hua Cuanc, Raneu L, Hossrelp anp Wu, M.
SANDSTROM

Recurrvep May 19, 1052

A possible method of overcoming many of the
difficulties often encountered in the paper partition
chromatography of simple phenols was suggested
inn a recent paper? in which it was shown that if a
mixture of phenols was allowed to couple with
diazotized sulfanilic acid, the resulting nixture of
phenylazobenzenesulfonic acid dyes could be satis-
factorily chromatographed. The present paper
describes a further study of the application of the
above method to several series of isomeric and
homologous phenols as well as other individual
phenols. The compounds studied are listed in
Table I in the order of their increasing migration
coefficients.

Two-dimensional development as reproduced in
Fig. 1 illustrates a satisfactory separation of o-
cresol from m-cresol, and of p-methylguaiacol,
2,5-dimethylphenol and 2,4-dichlorophenol, al-
though the migration coefficients of Table I wotld

not indicate such to be possible.
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Iig. 1.~—-Two-dimecnsional chromatogram developed 40 hr. i
cacli direction.

As a result of this study certain limitations of the
method become apparent. Those phenols which

(1) University of Minnesota Agricultural Experiment Station Scien-
tific Journal Series Paper No. 2824, Abstracted in part from a thesis
by Wen-Hua Chang presented to the Graduate Faculty of the Uni-
versity of Minnesota as partial fulfillment of requirements for the M.S.
degree, June, 1951.

(2) R. L. Hossfeld, 'THis Jour~aL, 73, 832 (1951).
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Tasre 1
PueExoLs ARRANGED IN ORDER 0 INCREasiNG Mobinity
oY THE PHENYLAZOBENZENESULFONIC ACID DyE”

Migration
Color coelficient
Acetognalacone Orange 0.11
2,6-Diutethoxyphienol Pink 12
Gualacol Orange 19
Plicuol Yellow 230
o-Chlorophenol Yellow v
o-Hydroxybenzaldehyde Yellow 39
a-Naplithol Pink 43
0-Cresol Yellow 43
71-Cresol Yellow 43
2.6-Dimethylphenol” Orange AR
2.4-Dichloroplienol Pink .63
p-Mecthylguaiacol Pink .64
2,5-Dimethylphenol Yellow 66
o-Ethylphenol® Yellow )
m-Ethylpheuol® Yellow 76
p-Ethylguaiacol Pink 80
Eugenol Pink .81
3,5-Diutethiylplienol Yellow 83
o-Pheuylphenol Yellow 84
ni-Phenylphenol Yellow &S
p-Phenylphenol Pink .86
#-Cresol Piuk .89
2.3,5-Trimcthiylphenol? Oraunge 90
Dihydroeugeno] Pink .93
3,4-Dimethylplienol Pink .04
B-Naphthol Orange .95
p-Ethylphenol® Pink .95
Thymol Orange .96
4-{ a-Methylbenzyl)-2-plicuylphenol®  Piunk .08
2,4-Dimethylphenol Pink .99
p-(a-Cuyl)-phenol® Orange 1.00

¢ Prepared from two coutiguous chromatograius irrigated
41 Iir, with s-butanol-2% aqueous Na,CO; (1:1 — v./v.).
b Courtesy of Dr. J. J. McGoveru, Mellon Institute.
¢ Courtesy of Reilly Tur and Chemical Corp. * Courtesy
of Shell Clhiemical Co. ¢ Courtesy of Dow Cliemical Co.

have a carbouyl {function such as an aldehyde
group para to the phenolic hvdroxvl may react
through replacement of the group bv the entering
azo group, thus destroving the identity of the
original compound. Catechols because of their
sensitivity to oxidation under alkaline conditions
were not successfully chromatographed under the
conditions thus far studied, in spite of attempts to
prevent oxidation by replacement of the air ia tlhe
chamber with an inert medium such as nitrogen.
The presence of catechol interfered with the
norimal development of chromatograms of phenolic
mixtures.
Experimental

The preparation of the dyes and the developiment of the
chromatograis was carried out as previously deseribed! with
tlie exception that s-butyl alcohol which lad been equili-
brated with au excess of 2% aqueous sodium carbonate was
uscd througliout on the one dimeusional chromatograms.
This solvent, although requiriug up to 40 hours for full de-
velopment, greatly decreased trailing and diffusion of spots.
The presence of sodium carbonate in the equilibrated sol-
vent helped prevent the formation of a second front which
previously had often appeared as a result of temperature
fluctuations in the developing chamber.3?
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(3) E. L. Smith, ¥ature, 169, 60 (1952).



