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SYNTHESIS OF ORGANIC DEUTERIUM COMPOUNDS 

X. METI-IYL-d:: IODIDE AND DEUTERIUM SUBSTITUTION PRODUCTS O F  
METHYL ACETATE1 

i\.Ieth!rl-d:, bto~nitle was casilj. con\~erted by t r c a t ~ n c ~ ~ t  wit11 c a l c i ~ ~ n ~  iotlitlc 
into n~cthyl-d:, ioditlc in 9.1yo yicltl. 'I'l~e latter \vas rcactcd ~ I I  the 50-luilli~nolc 
scale \vitli silver acctatc or sil\rcr acetate-da to yieltl methyl-d, acctatc or 
methyl-d:) acetate-d3. klethyl iotlidc ant1 silver acetate-dn gave mcth1.l acctatc-d::. 

'l'his paper cleals with the synthesis of methyl acetate clerivatives cleuteratetl 
specifically in each of the two methyl groups and in both; the PI-eparation of 
methyl-d3 iodide required as an intermediate in a  lumber of cases is also 
described. These esters have been prepared as part of a systematic investiga- 
tion of the infrared absorptjon ol acyl compounds (3) and their spectra will 
be discussed in a subsequent publication. 

The procedure adopted for the sjmthesis of the methyl acetates was the 
reaction between the silver salt of a carboxylic acid and an alliyl iodide, 
which had previously proved satisfactory for the preparation of a numbel- of 
clcuterated ethyl acct;\tes on the 10-25 millimolc scale (2). The desired cstcrs 
\vel-e thus prepared accorcling to the following schemc: 

wha-e 1Z = CH3 01. CD2. 
Silver acetate-& was preparecl as previously described (4). Methyl-t13 

iodide was obtained from the corresponding bromicle (4.) after prolonged ancl 
repeated treatment with calciun~ ioclicle hexahyclrate. Prclxu-ativc details arc 
given in thc experimental part. 

Aletl~yl-d3 Iodide 
Methyl-dy bromicle (9.1 gm., 93 ~nillinloles) \\us transferiecl tlu-ough a 

vacuuill line into a long necked 50-1111. flask containing calcii~m ioclicle hexa- 
1 .l%r?rrrscript rc,ceirrc,d :l~rr,yr~st 19, 19:i3. 

Cor~lriL~rlio~r 1'ro111 /lie Dlrlisiarr cr/' l'rrrc Clic~~ri\.lry. ~Vnliorrrll Rcsc,nrcli Cororcil, Oll~~rctr, 
O~rturio, Cn?zndn. Issfled crs N.R.C. No. 3120. 

*All 1,zass spec~rorrreler a~znlyses crre corrected for CI:. 
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l~yclratc (22.4 gm., I .2 equivalents) ancl cooled i n  liquid nitrogen. 'The reaction 
vessel was sealed off and shalien a t  about 75°C. for a <la>.. 'The vol;ttile Inaterial 
was sepal-atecl ancl treated wit11 ~nercury ancl phosphoric anh).cl~-iclc to I-emo\re 
small amounts of free iocline and \vatel-. l'hc vapor 11ressure a t  0°C. \\,as 169 Inln. 
'This indicated the presence of about 4% of ~~ncllangecl methyl-(1:; bromicle 
since the vapor pressures of cleuteratecl methyl iodide and  ~ne thy l  bromicle 
a t  0°C. are 148 and 481 mni. respectively ( I ) ;  mass analyses also showecl a n  
incomplete conversion a t  this stage. Weight, 13.0 gm. 

'I.*he mixture of methyl-rlJ halides was treated with fresh calcilim iodide for 
two days. The  reaction ~naterial  was workecl up as above. Seither methyl-d3 
bromide nor other conta~ninants were detectecl in the procluct, \~rhich analyzed 
97.8 mole % CDB1 and 2.2 mole V / ,  CDCHI for a total isotopic content of 
99.2 atom c l cu t e r i~~~n .  'The vapor pl-essurc a t  0°C:. was 147.2 mm. 172 I .52(j3. 
Yield, 12.7 grn., 94%. 

?'he conditions described above for the srnall-scale conversion oi  methyl 
bro~nide into methyl iodidc are convenient, but not necessarily ideal. A larger 
excess of calcium iodide hexahydrate and a longer period of heating might 
eliminate the necessity of a second treatment. H o ~ ~ ~ c v e r ,  the use of an11)~clrous 
c a l c i ~ ~ m  iodidc which was rcportecl several times in the literature for tlie 
conversion of 11igIic1- bromitlcs is tldinitely u n n c c ~ ~ s a l - ~  in the case oi methyl 
111-om iclc. 

Deuferated Meth,yl Acetates 
-. 
I he ioclicle (35-55 n~illimoles) was 11-ansferrecl through a vacuum line into 

;I 25-1111. flasli containing tlie appropriate silver acetate'"l.1 equivalents) 
and cooled in l iq~~icl nitrogen. 'The tlasl; \firas re~novccl from tllc manifold, 
attached to a ref-lux condenser, and heated overnight a t  65-75°C. 'The volatile 
material was separated 01.1 the vacuum line ancl I-eacted again with fresh 
silver acetate (0.3 equivalent). Usuall!. no ),ello\fir coloration developed over- 
night during this second treatment ancl the reaction \iT:ls the11 consiclcrecl 
co~nplete. I n  the preparation of mcth}~l-tEs acetate-(I:, a thircl tl-eatnient 
appeared desirable. 

The  ester was treatecl twice with s~na l l  amounts of phosphoric anhycll-iclc, 
~vhere some loss necessarily occurred. A small fraction was removecl by allowing 
tlie material cooled in dr). ice - acetone to distill ~ ~ n d e r  its own pressure into a 
I-eceivel- cooled in liquicl nitrogen. A large ~niclcllc fraction was then collectccl 
in a sil-nilar \\la).. I t  hacl n PI-actically constant vapor pressure at  0°C.; its 
refl-active index clicl not clifFer from that of the rcmovecl fractions by Inore than 
&0.0002 unit-. 'I'lle yielcl of pure product :~ver:~g.ccl 50%. 

The refractive incliccs, \Fapol- pressures, ancl tlcutcrium contents of thc three 
deuterated ~ne thy l  acetates thus obtainccl XI-e listed in Table 1, together with 
those of the nol-ma1 co~npound 111-epared by the same method. 'The isotopic 
purity of the deuteratecl esters corl-espo~~clecl to 99.0 atom % deutcl-ium or 

, . mol-e. I he vapor pressul-c of normal nleth>.l acetate is raised on complete 
t l c~~tc r i~ t ion  I)!. I.(\ m m .  a t  O0('. O n  {he othcl- h;~ntl, tlcutcl-ation lowers the 

' T l r c  isolopic p~rr iry  of silvcr acclale-d~ corrcspoizded lo 99.3 ato11~ yo d c ~ r l e r i u ~ ~ ~ .  
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NOLIN: DEUTERIUllf COBIPOUNDS 3 

TABLE I 
PIIYSICAL PROPERTIES OF NORM.4L AND DEUTERATBD METHYL ACETATES 

I I I 
D atoms per molecule \rapor pressure 

Compound 2 0 

*Literature ( 6 ) ,  62.1 mnt. 
**Literature ( 5 ) ,  1.36193. 

refractive index by 0.0003-0.0001 unit per carbon-deuterium bond. However, 
the difference observed between the refractive indices of methyl-d3 acetate 
and methyl acetate-ds may not be due entirely to experimental errors. Part  
of it could result in the last analysis from a smaller amplitude of the zero- 
point vibrations of the latter ester. 
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SULPHUR ISOTOPE EFFECTS IN THE BISULPHITE 

ADDITION REACTION OF ALDEHYDES AND KETONES 

I. EQUILIBRIUM EFFECT AND THE STRUCTURE 
OF THE ADDITION PRODUCT1 

ABSTRACT 

Ecluilibri~rm constants for the isotopic exchange reaction between bisulphite 
ion and the addition product of eight aldehydes and ketones have been measured. 

OH OH 

At 25" C., values ranging from 1.021 for acetone to  1.010 for allisaldehyde have 
been observed. Since constants of this magnitude are to  be expected only if the 
bonding of the sulphur atom is different in the bisulphite ion ant1 the addition 
product, these results are considered to confirm the carbon-sulphur bond 
structure of the latter. This conclusion is supported by the small constant, 1.002, 
obtained for the diethyl sulphate and ethyl hydrogen sulphate isotopic exchange 
in  which the bonding of sulphur is essentially the same in the two reacting species. 

INTRODUCTION 

T h e  problem of the structure of the bisulphite-addition product of aldehydes 
and ketones has occupied the attention of chemists for many years. B y  1900, 
however, it had been fairly well established tha t  these conlpounds are either 
a-hydroxysulphite ester salts, I ,  or a-hydroxysulphonic acid salts, 11. 

Structure I was originally favored on the basis of Miiller's demonstration (8) 
tha t  a product obtained by the action of sulphuric acid on methanol, and 
considered' by him to  be hydroxy~nethane sulphonic acid, was nonideiltical 
with formaldehyde bisulphite. Raschig and Prahl (10,11,12), however, 
showed that Miiller's product was symmetrical acetone disulphonic acid, 
formed by the sulphonation of acetone present in the methanol of t h a t  time, 
and, furthermore, tha t  the actual product of the reactipn of sulphuric acid 
and methanol is methyl hydrogen sulphate, an  isomer of hydroxymethane 
sulphonic acid. These workers presented chernical evidence in favor of 11, 
but their results were differently interpreted by Schroeter and Sulzbacher (13), 

1 Mat~uscript  received September 9, 1953. 
A contribz~tion f rom the Departnzent of Chemistry, Hanziltofz College, AfcAfaster U G e r s i t y ,  

Hamilton, Ontario. 
Holder of a National Research Council Bursary. Present address: Departnzent of Chevzistry, 

Massachz~setts I~zstitute of Technology, Cambridge, Mass. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SHEPPARD AND BOURNS: SULPHUR ISOTOPE. I  5 

who proposed a stable "trimolecular structure" represented by (R2CO) (SOz) 
(HOH). Backer and Mulder (1,2),  Lauer and Langkammerer (7), and Shriller 
and Land (14) have each provided strong support for structure I1 by con- 
verting the addition product to a conlpound considered to  contain a carbon- 
sulphur bond by virtue of its preparation by known reactions from a sulphur 
compound of established structure. Although this evidence appears conclusive, 
there is the possibility of unexpected rearrangements, particularly in view of 
the lability of the carbon-sulphur bond (4). 

,Physical evidence in support of the hydroxysulphonic acid structure has 
also been reported. T h e  absorption spectra of the formaldehyde,and acetone 
addition compounds contain a band a t  4992.0A, compared to  4992.2A found 
for sulphonic acids and 4996.0fi for metal alkali sulphites (15). Furthermore, 
Raman da ta  (3),  for the addition products of a number of carbonyl compouncls 
suggest a carbon-sulphur bond and clearly eliminate the trimolecular formu- 
lation of Schroeter. 

T h e  present paper deals with a study of the fractionation of the sulphur 
isotopes in the exchange reaction between bisulphite ion and the addition 
product of a number of aldehydes and ketones (Equation 1). 

T h e  results provide what is considered to  be a conclusive proof of the hydroxy- 
sulphonic acid structure, 11, for the addition compounds. 

The  equilibrium constant, K, for this exchange reaction is given by: 

where the Qpos  are the partition functions for the two isotopic species of 
addition compounds and the QBBs the corresponding partition fmnctions for 
bisulphite ion (17). If the addition compounds have the carbon-oxygen-sulphur 
bond structure, I ,  the bonding of the sulphur atom is essentially the same as 
in bisulphite ion. Therefore the change in vibrational frequency of the sulphur 
bonds resulting from the substitution of S34 for S32 will be approximately the 
same in the two chemical species and the quotient of the  two partition function 
ratios (Equation 2) will be very close to unity. If, on the other hand, the 
addition compounds contain a carbon-sulphur bond (structure 11), the par- 
tition function ratios for the two chemical species will differ and an appreciable 
fractionation of the sulphur isotopes will occur. Indeed, this fractionation 
should be of the  order of magnitude observed in the sulphur dioxide - bisulphite 
ion exchange reaction (Equation 3) in which the heavier isotope concentrates 
in the bisulphite ion t o  the extent of 1.9% a t  25' C. ( I '  = 1.019). 
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6 C A h T A D I A N  JOURNAL OF C H E M I S T K l ' .  I'OL. 33 

METHOD 

The equilibrium constant for the exchange reaction between bisulphite ion 
and the addition co~llpound may be expressed in terms of isotopic ratios as 
follows : 

where [B32]/[B34] is the ratio of the sulphur isotopes in bisulphite io~l  a t  equi- 
librium and [P3?] / [P34]  is the corresponding ratio in the acldition compound. 
The equilibrium constant, K ,  was determined experimentally in the following 
way. The carbonyl component was shaken with excess saturated sodium 
bisulphite solution of natural isotopic abundance until equilibrium had been 
established, and the precipitated aclditioi~ con~pound was collected and con- 
verted quantitatively to sulphur dioxide. Mass spectrometric measurement of 
the ratio of the sulphur isotopes in the latter gave the [P32 ] / [P34 ]  ratio in 
Equation 4. The ratio, [B32]/[B3"1,  could not be determined directly since the 
bisulphite ion a t  equilibrium could not be separated from dissolved addition 
compound. By using a large excess of sodium bisulphite, however, this ratio is 
practically identical with the isotopic ratio of the starting material. Further- 
more, from a knowledge of the relative amounts of bisulphite ion and carbonyl 
con~ponent, the extent of conversion of the latter to addition product, and 
the isotopic ratio in the original bisulphite ion and the acldition product. 
[B3"/[B34] may be calculated with considerable accuracy. 

RESULTS 

In Table I are give11 the equilibrium constants, K, for the exchange reaction 
involving the addition product of three aldehydes and five ketones. Although 
isotopic equilibrium was normally attained within three days, several cletermi- 
nations were made for each compound using equilibration periods ranging 
froin 5 to  24 days. Good agreement was found in every case. 

The equilibrium constants differ from the ratios given in the second colun~n 
from the right by an amount depending upon the sodium bisulphite: carbonyl 
compound ratio. The low solubi l i t~~ of the addition products of the higher 
molecular weight con~pounds permitted the use of a 10: 1 molar ratio, and the 
isotopic abundance of the bisulphite ion a t  equilibrium and that of the original 
bisulphite were therefore nearly the same. With acetone and 2-butanone, the 
greater solubility of the acldition compound necessitated the use of only a 
small excess (two to  three times) of bisulphite and the equilibrium constants 

are therefore considerably higher than the 
(S32/S34) orig. HSO; ratios. Exa*ni- 

(S"/S39 product 
nation of the K values for 4-methyl-2-pentanone, however, shows that  excellent 
agreement was obtained using widely different ratios of the reactants, 
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SHEPPARD A N D  BOURNS: SULPHUR ISOTOPE. I 

* The S3?02/SJ402 ratios are relative to the SJ202/SJ40: ratio zn tlze original NaHSOJ 
arbitrarily chosen as 23.010. 

** Precisions are expressed as standard deviation. 

TABLE I 
EQUILIBRIUM CONSTANTS FOR SJ2, SJ4 BXCHZZNGE I N  TIIB BISULPHITP ADDITION REACTION 

(Temp. 25" C.) 

The extent of conversion of the carbonyl component to the addition product 
was calculated as 1000jo for the three aldehydes and 99% for acetone and 
butanone, making use of the equilibrium constants reported by Gubareva (6). 
The 2-heptanone and 2-octanone addition products were actually isolated 
in a 98-990jo yield, and it seemed reasonable to  conclude that a comparable 
conversion was obtained with 4-methyl-2-pentanone, although the greater 
solubility of its addition product precluded isolation in high yield. I t  may be 
noted that an error of 20% in estimating the yield for the latter ketone intro- 
duces an error no greater than 0.1% in the exchange constant. 

Val id i t y  of the Method and  i t s  A s s u m p t i o n s  

Carbonyl 
component 

Acetone 

Butanone 

4-Methyl- 
2-pentanone 

Benzaldehyde 

Heptanal 

2-Heptanone 

2-Octanone 

Anisaldehyde 

In addition to the exchange reaction between bisulphite ion and the addition 
product, a second process which conceivably could contribute to the over-all 
fractionation observed is an exchange of the sulphur isotopes between solid 
and dissolved addition product. This effect, however, could only be significant 
in the case of the more soluble compounds. Furthermore, although the dif- 
ference in solubility of the two isotopic species could not be measured for the 
addition products, it has been determined for sodium bisulphite itself. Solid 
sodium bisulphite was shaken with a saturated sodium bisulphite solution, the 

Mol. 
wt. 

58.1  

72.1 

100.2 

106.2 

114.2 

114.2 

128.3 

136.1 

-- 

NaHS03: I-- carbo11~1 Equil. 
component 

(molar ratio) 

1 . 9  
2 . 0  

2 .5  
2 . 8  

4 . 7  
8 . 0  

10.0 

10.0 
10.0 

10.0 
10.0 

10.0 
10.0 

8 . 0  
10.0 

10 .0  
10.0 

I 
1.021 
1 -020 

1.022 
( 1 . 0 2 1  

1.019 
1.019 
1.019 

1.013 
1.014 

1.014 
1.013 

1.012 

S3?O,/SJ40,* 

2 2 . 7 7 6 f 0 . 0 1 4 * *  
2 2 . 7 7 4 f 0 . 0 1 5  

22.713+0.013 
22 .695f0 .015  - 

2 2 . 6 7 8 f 0 . 0 1 2  
2 2 . 6 2 6 f 0 . 0 1 5  
22.631 f 0.016 

22.748 f 0.018 
22.731 f 0.012 

22.732+0.014 
22.761 f 0.017 

2 2 . 7 5 7 f 0 . 0 1 8  
22.765 f 0.011 

, time 
(days) -- 

24 
24 

24 
24 

5 
24 
24 

7 
25 

8 
24 

14 
24 

24 
24 

17 
24 

(Sr/S34) orig. 
bisulphite 

(SJ2/S") prod 

1.010 
1.010 

1.013 
1.014 

1.015 
1.017 
1.017 

1.011 
1.012 

1.012 
1.011 

1.011 
1.011 

2 2 . 7 4 6 f 0 . 0 1 2  
2 2 . 7 3 9 f 0 . 0 1 8  

2 2 . 7 9 9 f 0 . 0 1 2  
2 2 . 7 9 9 f 0 . 0 2 9  

I 
1.012 1 . 0 1 3  
1.012 

1 .009 
1.009 

1.013 

1.010 
1.010 
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8 C A N A D I A N  JOURiVAL O F  C H E M I S T R Y .  1 '0L .  32 

solid and solution separated, and sulphur dioxide samples were prepared from 
each. Mass spectrometric analyses gave the following results: 

Sample G4/66 mass 
abundance ratio 

SO? from solid bisulphite 21.28 + 0.02 
SO2 from bisulphite in solution 21.27 + 0.02 

I t  is apparent that  there is no measurable fractionation of the sulphur isotopes 
between the two phases. 

-0 0 

The  possibility that  bisulphite ion has the structure >< rather than 
-0 
\ 

H 0 

S - + O  must not be overlooked. If the ion contains a sulphur-hydrogen 
/ 

bond, then the argument, that  fractionation of the sulphur isotopes would not 
be expected in an exchange with an addition product of the sulphite ester 
structure, might not be valid. However, the change in the bonding of sulphur 

-0 0 

in going from >< to the sulphite ester form of the addition product 
13 0 

corresponds to the change in going from this form of bisulphite ion to sulphite 
ion. If it therefore could be established that  there is no fractionation in an  
exchange involving the two ions, it would seem reasonable to  conclude that 
very little fractionation would occur in a bisulphite ion - sulphite ester addition 
product system. 

The  extent of fractionation between the two ions has been determined by  
taking advantage of the difference in water solubility of barium sulphite and 
barium bisulphite; the former is quite insoluble whereas the latter is readily 
soluble and, indeed, is known only in solution. A saturated solution of bar iun~ 
hydroxide was added to  an excess of saturated sodiiim bisulphite and the 
mixture allowed to equilibrate. Sulphur dioxide samples, prepared from the 
precipitated barium sulphite and the solution, were analyzed mass spectro- 
metrically with the following results: 

Sample 64/66 mass 
abundance ratio 

I t  is apparent that  there is no measurable fractio~lation of the sulphur isotopes 
b'etween the two ions. This result perhaps could be coilsidered as  evidence for 
the HOSO; structure of bisulphite ion. 

SO2 from barium sulphite 
SO2 from solution 

20.43 + 0.01 
20.43 + 0.01 
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SHEPPARD AND BOURKS: SULPHUR ISOTOPE. I  9 

Diethyl Sulphate-Ethyl Hydrogen Sulphate Isotopic Exchange Reaction 

Further support for the assumption that  no appreciable fractionation would 
occur between bisulphite ion and an addition product of the sulphite ester 
structure has been provided by a study of sulphur exchange in the equilibrium 
between diethyl sulphate and ethyl hydrogen sulphate (Equation 5 ) .  

Although sulphur is in a higher oxidation state in the compounds involved in 
this exchange, nevertheless, assuming the HOSO; structure for bisulphite ion, 
the same bonds are being broken and formed as in a bisulphite ion - sulphite 
ester equilibrium. Diethyl sulphate was shaken with one-half mole e q ~ ~ i v a l e n t  
of water for an extended period. The  unconverted ester and ethyl hydrogen 
sulphate were separated and each converted to barium sulphate and thence to  
sulphur dioxide for mass spectrometric analysis. From the results given in 
Table 11, i t  is seen tha t  the equilibrium constant is only slightly greater than 
unity, confirming the predictionthat isotopic fractionation is small in exchange 
reactions in which the bonding of the isotopic atom remains unchanged. 

TABLE I1 
EQUILIBRIUM CONSTANTS FOR SULPHUR ISOTOPIC EXCHAKGE 

I N  THE DIETHYL SULPHATE REACTION 

I I 

I sJ2/s3* ratio* I 

* Precisions are expressed as standard deviations. 

Temp., " C. 

DISCUSSION 

T h e  equilibrium constants, given in Table I ,  for isotopic exchange in the 
eight bisulphite ion -addition product systems have values ranging from 
1.010 to 1.021. These values are much larger than would be expected if  the 
addition products were a-hydroxysulphite ester salts, and compare with 
equilibrium constants for exchange reactions in which the bonding of the 
isotopic atom is different in the chemical species concerned, e.g., the SO:! 
- HSO; system. These results, therefore, are considered to  provide a con- 
clusive proof for the sulphonic acid salt structure of the carbonyl-bisulphite 
addition compounds. 

The  variation in the constants for the different carbonyl systems is some- 
what greater than might have been expected. I t  is evident from Table I t h a t  
this variation is in some degree related to the molecular weight of the carbonyl 
component. This, however, is not the only factor involved. I t  is seen, for 
example, that  there is a very significant difference in the value of K obtained 

Equilibrium 

Diethyl sulphate 
Ethyl 

hydrogen sulphate 
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for 4-methyl-2-pentanone and 2-heptanone but no s i~ch difference for 2-hepta- 
none and 2-octanone, although the increment in molecular weight is the s a n e  
in the two cases. 

The  present study is the first time, t o  our knowledge, that  equilibrium 
constants for isotopic exchange reactions of this type have been determined 
with precision, and the results obtained suggest the value of further study of 
the effect of substituents on the magnitude of these constants. 

EXPERIMENTAL 
General 

Sodium bisulphite of natural isotopic abundance was used in the investi- 
gation. This was possible since the abundance of S34 in nature is approximately 
4% and,  furthermore, i t  had the advantage over the use of enriched material 
in that  any  error of measurement arising from contamination of samples was 
smaller. Although the fractionation of S36 wit11 respect to  S32 is twice that of 
S34 to  S3?, onl-)7 the latter was determined because of the difficulties in the mass 
spectrometric measurement of the very low abundance of S36. 

Reagents 
Sodizim bisulpltite (meta), Baker and Adamson powder, 95.9% assay. 
Heptanal,  Eastman Icodak White Label. 
Benzaldehyde, Eastman Kodak White Label, was shaken with sodium 

carbonate solution and then with water, dried, and distilled i n  aacuo; b.p. 61- 
62" C. (10 mm.). 

Anisaldehyde, Eastman Icodak White Label, was redistilled; b.p. 106.5- 
108" C. (5 mm.). 

Acetone, Nichols N .  F .  Grade, was redistilled; b.p. 56" C. 
Butanone, Eimer and Amend Technical Grade, was redistilled; b.p. 77-79' C. 
4-Methyl-2-pentanone, Eastman Kodak Practical, was redistilled; b.p. 114.5- 

115" C. 
2-Heptanone, Eastinan Kodak White Label, was redistilled; b.p. 148- 

149.5" C. 
2-Octanone, Eastman Icodak Practical, was redistilled; b.p. 169.8-170.9" C. 
Diethyl sulphate, Eastmail Icodak Practical, was redistilled; b.p. 99.5" C. 

(18 mm.). 

Preparation of Bisulphite-Addition Compozinds 
T o  an aqueous solution of sodium bisulphite, containing 5.15 moles of 

bisulphite per liter of solution, was added the carbonyl coinponent in the 
quantity necessary to give the desired bisulphite to  carbonyl ratio. The  re- 
action mixture, contained in a tightly-stoppered flask, was shaken on an 
agitating machine enclosed in a constant temperature bath maintained a t  
25 =t 0.5" C. T h e  crystalline addition product was separated by suction filtra- 
tion, washed with ethanol, and then with ether, and dried. 

Preparation of Sulphzir Dioxide Samples for Mass Spectrometric Analyses 
T h e  apparatus used for the preparation of sulphur dioxide samples is shown 

in Fig. I .  Solid addition compound, 6 X moles, was placed in bulb B and 
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TO PUMPING 
SYSTEM. 

TO 
MAHOMETER 

TO PUMPING 
SYSTEM 

FIG. 1. X p p a r a t ~ ~ s  for preparation of sulph~rr  dioxide samples. 

0.5 ml. of 85% syrupy phosphoric acid dissolved in 0.5 1x11. of distilled water 
in bulb A ,  which was turned to  position "a". Both bulbs were surrounded with 
liquid air and the system evacuated. Stbpcoclts H and J were then closed and 
the liquid air replaced by hot water. Bulb A was turned to position "b" and 
the aqueous acid permitted to react with the addition compound. The  reaction 
mixture was allowed t o  stand for two hours to  equilibrate the oxygen isotopes 
of the sulphur dioxide and water, the latter being in 100-fold excess.* Following 
equilibration, liquid air was placed around trap E, a salt-ice mixture around C, 
and hot water (90-95O C.) around bulb B ;  stopcocks G, J, and K were opened 
and L and I-I closed. As the sulphur dioxide distilled into E ,  the water vapor 
largely condensed in C and was completel)- removed in the phosphorous 
pentoxide tower, D. T o  ensure complete recover). of sulphur dioxide, the water 
condensate was passed back and forth three times between B and C, using 
warm water and liquid air baths. T rap  E was then surrounded by a d ry  
ice - acetone bath, stopcock N opened, and carbon dioxide present as impurity 
removed by pumping on this trap a few seconds;** N was then closed. Sample 
tube F was surrounded by liquid air and, with stopcocks L, P, and 0 open, 
sulphur dioxide partially distilled into this tube.** Stopcock L was closed, N 
opened, and when a pressure of 1 C 6  mnl. had been attained, P closed. 

Samples of sodium bisulphite were decomposed to  sulphur dioxide using a 
similar proceclure. An aliquot of the saturated sodium bisulphite solution con- 
taining 6 X 10-4 moles of bisulphite (0.12 ml. of solution) was placed in bulb B 
and 0.5 ml. of phosphoric acid dissolved in 0.38 ml. of water used to effect 
decomposition. 

Solid and Dissolved Sodizim Bisulphite Equilibration 
Twenty grams of sodium bisulphite was shalcen with 40 ml. of saturated 

sodium bisulphite solution for seven days. The  solid and liquid phases were 
* 1Vo data were avaitnble on Ihe rate 01 owyzen lsotope rqzrilibratio?~ in this rystem. Analyses  

of sulphtir dioxide san~p les  prepared Idsing 1.5, 2 0, and  3.5 Rr. equtlibration periods gave the same 
64/66 niass ratios w i th in  the error of measurement.  The  equilibration l ime  was  .qtandardieed to  
8.0 hr .  ** I t  was established that n o  fractionation of the sulphur  isotopes occurs in this process. 
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separated and sulphur dioxide san~ples for mass spectrometric analysis pre- 
pared from each using the procedure already described. 

Biszllphite-Sulphite I o n  Equilibration 

Fifteen milliliters of a sat~lrated solution of barium hydroxide was shaken 
for five days with 30 ml. of saturated sodium bisulphite. The  precipitated 
barium sulphite was filtered, washed with cold water, and dried. Sulphur 
dioxide samples were prepared from both solid and solution. 

Diethyl Sulphate - Ethy l  Hydrogen Sulphate Equilibration 

Diethyl sulphate (0.04 moles) was shaken with 0.02 moles of water. The 
equilibration period was five weelcs a t  room temperature in Run 1 and a 
similar period a t  this temperature folloured by 75 hr. a t  55" C. in Run 2. The 
unconverted ester and ethyl hydrogen sulphate were separated by partition 
between benzene and water. The aqueous solution, containing the ethyl 
hydrogen sulphate, was refluxed with 32 gm. of barium chloride and the 
precipitated barium sulphate removed periodically and ignited. The benzene 
solution was distilled in  vacuo to remove solvent and the residual diethyl 
sulphate refluxed with 32 gm. of barium chloride in 100 ml. of water. Barium 
sulphate was filtered and ignited. Total recovery of sulphate was 97%. 

Conversiolz of B a r i u m  Szllphate to  S u l p h u r  Dioxide 

Bai-ium sulphate was reduced with a mixture of hydroiodic, hydrochloric, 
and hypophosphorus acid to hydrogen sulphide (9), which was precipitated 
as cadmium sulphide from aqueous cadmi~lin acetate and then converted t o  
silver sulphide by addition of silver nitrate. The silver sulphide was oxidized 
to  sulphur dioxide using a standard procedure (16). 

M a s s  Spectrometric Analys i s  
I n  the bisulphite ion addition product equilibrium stndies the relative 

isotopic abundance ratios were measured using both a 90" and 180" directioil 
focusing Nier type mass spectrometer equipped with an autoinatic recorder (16, 
5). The  same analysis was obtained for a given sample with either instrument. 
The  S3202/S3402 ratio was obtained from the ratio of mass 64 to mass 66 ion 
currents, the necessary correction being made for the contribution of the 
~nolecular species S32016018 to  mass 66. Each sulphur dioxide sample prepared 
from an addition compound was measured relative to a standard, this being 
the sulphur dioxide from the saturated sodium bisulphite solution to which 
was arbitrarily assigned an S3'02/S3'02 ratio of 23.010. The  standard, the 
sample, and the standard were measured as quickly as possible in that order 
and the analysis was considered satisfactory if the two sets of results for the 
standard agreed within O.l'%, the precision of a single analysis. A single 
analysis consisted of six or seven spectrograms 2nd each spectrogram consisted 
of masses 64 and 66, and then, by reversing the direction of scan, masses 66 
and 64. 

The  relative abundance ratios for the sulphur dioxide prepared froin diethyl 
sulphate and ethyl hydrogen sulphate were determined using the 90" instru- 
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ment equipped for sinlultaneous collection (18). This gave a precision of the 
order of 0.01570. 
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NEW COLOR REACTIONS OF SEDOHEPTULOSAN AND ITS 
DETERMINATION IN MIXTURES OF RIBOSE AND FRUCTOSE1 

ABSTRACT 

The reagents carbazole - sulphuric acid, cysteine hydrochloride- sulphuric 
acid, have been applied s~rccessfully to the quantitati1.e colorimetric determi- 
nation of sedohept~~losan in pure solutio11 or in the presence of ribose and/or 
fructose. Fructose can be determined quantitatively in the presence of sedohept- 
ulosan and/or ribose by using a combination of the two reagents. Results indi- 
cate that while sedol~eptulose reacts differently to  sedoheptulosan with the 
orcinol reagent, the reactions with carbazole and cysteine are not altered by 
hydration and these may form a basis for the determination of the natl~rally 
occurring seven carbon sugar sedoheptulose. 

INTRODUCTION 

The only color reaction reported for sedoheptulose to date is the fornlation 
of a blue color with orcinol (1, 9). Apparently this reaction is specific for 
ketoheptoses and the nonreducing anhydride sedoheptulosar~ only gives the 
blue color after hydration forming an equilibrium mixture of sedoheptulose 
and sedoheptulosan ( I ) .  Orcinol, however, has not proved to be satisfactory 
for the determination of carbohydrates in mixture (8). 

On the other hand the reactions of carbol~ydrates with carbazole - sulphuric 
acid (3) and sulphydryl compounds especially cysteine hydrochloride (4, 6) 
have opened up new possibilities for their quantitative colorimetric deternli- 
nation. The former reagent has been applied successfully by many investi- 
gators (7, 8, 9, 10, 11) to  the determination of various sugars and more recently 
Dische and Borerlfreund (5) have used a conlbination of cysteine hydrochloride 
and carbazole - sulphuric acid for the determination of ltetosugars and trioses. 

This paper reports new colorimetric methods for the quantitative determi- 
nation of sedol~eptulosan based upon these reactions. The methods erllployed 
permit the determination of sedoheptulosan in pure solution or in the presence 
of ribose and/or fructose, also the determination of fructose in the presence of 
sedoheptulosan and/or ribose. 

The  aut l~ors  are greatly indebted to  Dr. Nelson K. Richtnlyer (Federal 
Security Agency, Public Health Service, National Institute of Health, Beth- 
csda, Md.) for a gift of three grams of sedoheptulosan. While this was sufficient 
t o  work out a nlethod for its determination we were unable to  obtain any 
samples of sedoheptulose to  make a direct comparison of the methods for 
this sugar. However, determinations have been made wit11 the equilibrium 
mixture of sedoheptulosan and sedol~eptulose prepared by digestion of the 
former with 3 N hydrochloric acid a t  room temperature (12). 

1 Manz~script received Septenzber 3, 1963. 
Contribution from the Depart?ne?zt of Botany, AccGill University, Montreal, Canada. 

Ack?~owledgme?zt i s  made to the Charles F. Kettering Fozmdation, Yellow Springs,  Ohio, U.S.A., 
for a grant-in-aid. 

2 Research Associate. 
3 ,  Associate Professor. Department of Botany, McGill University, illontrcal, Canada. 
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EXPERIMENTAL 

Determination of Sedoheptz~losa?~ by the Carbazole - Szdphuric Acid Reagent 

Twice sublimed carbazole was made up as a 0.5y0 solution in absolute 
alcohol. Sulplluric acid was refluxed with 20 mgm. of potassium persulphate 
per liter and diluted to 84y0 by weight. The reagent was prepared by making 
up 8.35 rill. of the carbazole solution to 250 inl. with 84% sulphuric acid. 
Nine milliliters of the reagent was placed in a test tube and cooled in an ice- 
water mixture for 10 min. One milliliter water (blank) or sugar solution was 
carefully layered above the reagent and the contents of the tube were then 
thoroughly mixed and heated in a boiling water bath for 13 min. During this 
period a red brown color appears. The tubes were then cooled for a further 
10 min. in ice water and the intensity of the coloration measured in a Coleman 
Universal spectrophotometer (Model 14). Determinations were carried out 
on solutions containing 10, 20, 25, and 30 pgm. sedol~eptulosan per ml. The 
absorption spectrum of the colored compound is shown in Fig. 1. The solution 
shows considerable absorption between 400 mp and 600 mp with a maximum 
a t  490 mp. 

Over this range of concentration the colored compound obeys Beer's law 
and it was found that the ratio D490/D400 is characteristically constant 
(Table I ) .  Equilibrium mixtures of sedol~eptulose and sedoheptulosan prepared 

TABLE I 
OPTICAL DENSITIES AT 400 mp A N D  490 OF SEDOHEPTULOSAN 

SOLUTIONS WITH CARRAZOI.E - SULPHURIC ACID 
- 

-- 

I I 

Concentration, 
pgm. per ml. D490 1 D490/D400 

' 

1 

by hydration of the latter give a similar colored compound with carbazole. 
The ratio D490/D400 does not change with hydration indicating that both 
substances react in essentially the same manner. This treatment, however, 
does result in a positive reaction with the orcinol reagent which indicates the 
presence of secloheptulose. 

Both ribose and fructose interfere with the determination and make it 
unsuitable for the determination of sedoheptulosan unless in pure solution. 

Determination of Sedoheptz~losan i n  the Presence of Ribose and/or Fructose 
The procedure follows essentially the method of Dische (6) for the determi- 

nation of hexoses. T o  0.9 ml. of a solution containing sedoheptulosan alone or 
in the presence of ribose and/or fructose (for conce~ltrations see Table 11) 
0.1 ml. of a 3% solution of cysteine hydrochloride and 5 ml. 38.4% sulphuric 
acid are added. The mixture is heated for 10 min. in a boiling water bath and 
then cooled in tap  water and left a t  room temperature for 48 hr. 
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TABLE I 1  
OPTICAL DENSITIES AT 510 mp  OF SEDOHEPTULOSAN 

SOLUTIONS WITH CPSTElNE HYDROCHLORIDE 

I I 
Concentration, 

Solution pgm. per ml. 1 D510 

a. Sedoheptulosan 

b. Sedoheptulosan 

c. Sedoheptulosan 

d. Sedohept~~losan 
Ribose 

e .  Sedoheptulosan 
Ribose 

f. Sedoheptulosan 
Fructose 

g. Sedoheptulosan 
Fructose 

It .  Sedoheptulosan 
Ribose 
Fructose 

Sedoheptulosan gives a yellow orange color appearing a t  the end of the 
heating period and becoming inore intense after 2 4 4 8  hr. changing color to 
red rose. Ribose under these conditions does not show any color, fructose a 
slight yellow a t  the beginning which eventually disappears. Sedoheptulosan 
shows a sharp absorption between 450 nlp and 550 nlp with a maximum a t  
500 mp after one hour (Fig. 2). During the change in color from yellow-orange 
to red rose the absorption increases and the maximum shifts from 500 mp to 
510 mp (Fig. 2). The optical densities a t  510 mp are shown in Table I1 for 
sedoheptulosa~l alone and in various mixtures. Table I1 shows that neither 
ribose nor fructose interfere with the observance of Beer's law. Furthermore, 
the optical density increment between 450 mp and 550 mp of the sedoheptu- 
losan mixtures ( d ,  g, h ,  Table 11) has the same value as that for sedohept~~losan 
alone a t  20 pgnl. per ml. (a ,  Table 11). Neither ribose nor fructose interfere 
a t  these concentrations. However, we have found that when fructose is raised 
above this level there is some interference. 

After 48 hr. sedoheptulosan, ribose, and fructose all show considerable 
absorption in the ultraviolet between 270 mp and 350 mp with a maximum a t  
300 mp for sedoheptulosan and ribose and 320 mp for fructose (Fig. 3). 

Determination of Fructose i n  the Presence of Sedoheptulosan and/or Ribose 
T o  1.0 ml. of a solution containing a mixture of the sugars, 0.2 ml. of a 1.5% 

solutio11 of cpsteine hydrochloride are added. Six milliliters 38.4% sulphuric 
acid was then added immediately followed by 0.2 ml. of 0.12y0 alcoholic 
solution of carbazole. The mixture was shaken and left standing a t  room 
temperature. The concentrations of the sugar solutions investigated are shown 
in Table 111. 
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WAVE LENGTH (rnp) 
Fig. 1. Absorption spectrum of sedoheptulosan in carbazole reaction. 
FIG. 2. Absorption spectrum of sedoheptulosan in cysteine reaction 1,  24, and 48 hr. 
FIG. 3. Ultraviolet absorption spectrum of sedoheptulosan ( I ) ,  ribose (2), and fructose (3) 

in cysteine reaction. 
FIG. 4 Absorption spectrum of sedoheptulosan in cysteine-carbazole reaction after 24 hr. 

TABLE 111 
OPTICAL DENSITIES AT 560 mp OF FRUCTOSE SOLUTIONS 

WITH THE CYSTEINE-CARBAZOLE REAGENT 

I I 
Solution Concentration, 

pgnl. per ml. D56O 

Fructose 

Fructose 

Fructose 

Fructose 
Sedoheptulosan 

Fructose 
Sedoheptulosan 
Ribose 
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Solutions of seclohept~ilosan and ribose whether alone or in a mixture 
produce a weak bluish color after one to two hours. On the other hand solutions 
of fructose alone or in mixture procluce an intense purple color after a ie\v 
nlinutes. Fructose absorption is maximum a t  560 mp. and neither secloheptu- 
losan nor ribose a t  a concentration of 100 pg111. per ml. interfere up to a period 
of one hour. After 25 hr. however, both the latter absorb strongly between . 

500 mp and 700 mp (Fig. 4). The determination of fructose in the presence 
of either or both of these two sugars is accordingly inade after one hour 
duration. Table I11 shows that the optical densities of the fructose solutions 
obey Beer's law and there is 110 interference by either sedoheptulosan or ribose. 

DISCUSSION 

New color reactions of sedoheptulosan and fructose with carbazole - sul- 
phuric acid and cpsteine hydrochloride - sulphuric acid and a combination of 
the two reagents have been described for the first time. While sedoheptulosan 
can be determined in pure preparations by the use of the cai-bazole reagent 
the method is unsuitable for its determination in the presence of ribose or 
fructose owing to their interference. However, the use of the reagent cysteine 
hydrochloride has provided a method by which sedoheptulosan can be de- 
termined in the presence of either fructose or ribose. By using a combination of 
the two reagents fructose can be determined quantitatively in the presence 
of either sedoheptulosan or ribose. So far we have been unable to discover 
any colorimetric method by which ribose may be determined in the presence 
of these two other sugars. 

In contrast to sedoheptulose, sedol~ept~ilosan gives 110 color reaction with 
orcinol; however, there appears to be no difference between them in their 
reaction with either carbazole or cysteine. An equilibrium mixture of the two 
forms gave the same characteristically constant ratio D490/D400 = 1.90 
with carbazole as would sedoheptulosan alone, and the same maximum with 
cysteine. 

Owing to  the increasing recognition given to the importance of the role 
played by sedoheptulose and its interrelation with ribose in plant meta- 
bolism (2) it  was considered appropriate by the authors a t  this time to make 
known these new color reactions of sedoheptulosan. Further work on the 
microdetermination of sedoheptulose isolated from S e d z ~ m  spectabile and 
Bryophyllum calycinum will be reported in a future publication. 
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THE ACTION OF HYDROXYLAMINE ON METHYL ALPHA- AND 
BETA-D-GLUCOPYRANOSIDE TETRANITRATE IN PYRIDINE~ 

BY L. D. HAY WARD^ and C. B. PURVES 

ABSTRACT 

The ~nethyl  glucoside tetranitrates reacted vigorously a t  room temperature 
with a n  escess of hydroxylamine base dissolved in anhydrous pyridine. Gas con- 
sisting of 91% nitrogen and anlounti~lg to 1.25 to 1.3 moles per mole was evolved 
within 20 min. and only n little more during the next 12 hr. Approximately 
1.35 moles of nitrate groups in the original tetranitrate had been replaced by 
hydrosyl groups, for the most part a t  least without Walden inversions or other 
change, because hydrogenation of the sirupy product reduced it in more than 
80% yield to crystallille nlethyl glucoside. The product from methyl-B-glucoside 
tetranitrate consisted of the 2,3,G-trinitrate (2S%), the 3,G-dinitrate (17%), 
and an  unidentified trinitrate (8%) which might have been a mixture. 

The structures of the first two compounds were confirmed by preparing the 
fully methylated derivatives, denitrating the latter, and identifying the resulting 
known, partly methylated methyl-p-glucosides. New syntheses of methyl-p- 
glucoside-3,6-dinitrate, methyl 2,4-din~ethyl-B-glucoside, and methyl-4-methyl- 
B-glucoside were found. 

INTRODUCTION 

Segall and Purves (38) found tha t  1 mole of nitrogen per glucose unit 
was evolved when cellulose trinitrate was dissolved in anhydrous pyridine 
containing an excess of hydroxylamine base, and approxinlately one mole of 
nitrate group was removed from the nitrocellulose. Apart from a small sub- 
stitution (0.08) of oxime, the nitrate was replaced by a hydroxyl group 
which d s  probably of a secondary rather than a primary nature. Severe 
technical difficulties, however, caused further attempts to determine the 
structure of the partly denitrated cellulose to be deferred. I t  therefore became 
desirable to apply the hydroxylamine-pyridine reaction to the fully nitrated 
derivative of a simpler carbohydrate related to cellulose, and to locate the 
nitrate group or  groups removed by the reagent. The  present research employed 
the tetranitrates of methyl a- and P-glucopyranoside for this purpose, because 
data  were available concerning their well-characterized, partly denitrated 
derivatives (13, 14, 15, 16, 35) which could also be converted, by methylation 
and subsequent denitration, to one or  other of the known methyl ethers of 
methyl a- or p-glucoside (7, 13, 14, 15). Gladding and Purves (16) and Ansell, 
Honeyman, and Williams (4, 5) described the action of aqueous and alcoholic 
alkali on monosaccharide nitrates, but reports concerning organic bases 
seemed to be restricted to one by Wigner (40), who found in 1903 tha t  pyridine 
alone removed one nitrate group selectively from mannitol hexanitrate. 
Hayward (18) recently showed that the group removed was in the third 
(or fourth) position. 

Preliminary experiments on the stability of the methyl glucoside tetrani- 
trates to anhydrous pyridine showed that ,  although highly colored substances 

1 iltanuscript received Azigust 10, 1953. 
Cantribzition from the Division of Indzislrial and Cellulose Chemistry, AfcGill University, 

Afontreal, Qzie., and P u l p  alid Paper Research Instztzrte of Canada, Atantreal, Que. 
2 Holder of two National Research Council Studentships, 1947-1949. Present address: Depart- 

nient of Chemistry, University of British Colzimbia, Vancouver, B.C. 
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were formecl, no gas was evolved a t  room temperature. About 60% of the 
unchanged tetranitrates could be recovered af ter  16 hr. by pouring the 
solutions into water. In  a similar experiment with an alcohol solution of 
hydroxylamine, a t  least 75% of the p-tetranitrate could be recoverecl after 
12 hr. Although gas was steadily evolved from the colorless solution, a blank 
containing no tetranitrate behaved in the same way and the observation 
was attributed to a slow decomposition of the base. The  conjunction of 
either a -  or 0-tetranitrate with free hydroxylamine plus pyridine almost 
immediately produced a vigorous exothermic reaction; large volumes of a 
colorless gas were evolved, no unchanged tetranitrate could be isolated after 
10 min., and the solution became only slightly yellow after 14 days. 

Pure methyl-a-glucoside tetranitrate, which was more readily available 
than the p-isomer, was used to  prepare a series of eight partly denitrated 
products isolated after reaction times extending from 10 min. to 12 hr. All 
these products proved to  have refractive indices, methoxyl contents, and 
nitrogen contents that  were practically the same. T h e  partial denitration 
was therefore rapid, and the resulting pale yellow glass was stable or nearly 
so to  the reagent. T h e  fact tha t  analyses for nitrate nitrogen were about 
0.7% less than those for total nitrogen suggested that  not all of the  nitrogen 
was present as  nitrate groups. By analogy with the behavior of celluIose 
trinitrate, the difference was tentatively attributed to  an oxime s~ibsti tution 
of about 0.18. On this basis the calculated average substitutions were methoxyl 
0.85, nitrate 2.34, and oxime 0.18 moles per methyl glucoside unit, and the 
yield was about 8070 of theory. Since the methoxyl substitutiori should 
obviously be unity, the above assumption was unsatisfactory, although no 
better one was found. 

T h e  partly denitrated methyl glucoside tetranitrate was submitted to 
catalytic hydrogenolysis over a palladized charcoal catalyst by Kuhn's 
method (26), and pure crystalline methyl-a-glucoside was recovered in a 
yield of only 82% of theory, whereas the recoveries from the original a -  and 
p-tetranitrates were 95% to 96%. This  decrease in yield provided another 
reason for the view that perhaps 15% of the product from the partial denitra- 
tion had failed to  retain the basic inethyl glucoside structure. All a t tempts  to 
isolate crystalline di- or tri-nitrates from the product failed, and the same 
lack of success was encountered when the methylated, benzoylated, or acetyl- 
ated derivatives were examined, either before or  after the removal of the 
remaining nitrate groups b y  hydrogenolysis. The  a-series of products was 
therefore abandoned in favor of the P-series derived from methyl-P-glucoside, 
derivatives of which were often more readily crystallized (34). After two 
hours in the pyridine-hydroxylamine, the p-tetranitrate gave an 84% yield 
of a golden-yellow, extremely viscous sirup from which 90% of pure inethyl- 
p-g]ucoside was recovered by hydrogenolysis. 

T h e  voluine of gas evolved from the p-tetranitrate during the above reaction 
was measured a t  intervals, and was corrected for a rapid initial increase in 
temperature to  about 70°C. T h e  latter,  nearly linear portion of the rate 
plot (Fig. I ) ,  when extrapolated to  zero time, corresponded to  a prod~ict io~l  of 
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HAYLVARD A N D  P U R V E S :  H Y D R O X Y L A M I N E  

FIG. 1. The rate of gas evolution from 1 gm. of methyl-B-glucoside tetranitrate dissolved 
in 10 ml. of 12.5y0 hhyroxylamine-pyridine. Corrected for temperature change and for the 
vapor pressure of pyridine (duplicate experiments). 

about 1.25 moles per mole of tetranitrate in the initial rapid reaction. No 
good explanation was found for the slower reaction represented by the linear 
portion of the plot, because neither the yield nor the analyses of the partly 
denitrated product varied substantially with the reaction time, and because 
no gas was evolved in blanli determinations with the pyridine-hydroxylamine 
reagent. Hydroxylamine, however, was known not to be stable in alkaline 
solution (30), and its breakdown might have been catalyzed by the sugar 
nitrate or its decomposition products, as well as by  silver, mercury, and other 
ions (23, 33). The gas evolved during 12 hr. was shown by analysis in an 
Orsat apparatus and by its density to be nitrogen of 91.4% purity. An absorp- 
tion of 8.6Y0 in acid cuprous sulphate-P-naphthol solution was attributed to 
the pyridine vapor known to be present, rather than to carbon monoxide, 
and the solubility of nitrous oxide in pyridine made it  possible that small 
amounts were formed but escaped detection. The  presence of nitrous oxide 
was associated with oxime formation in the parallel research with cellulose 
trinitrate (38). 

Five-gram portions of methyl-P-glucoside tetranitrate were then partially 
denitrated in pyridine-hydroxylamine for two hours with control of temper- 
ature (25" to 35OC.), and the products were combined, dried to constant 
weight, and identified as Sirup 1. If it was assumed that one-half of the gas 
evolved, in this case 1.3 moles per mole of tetranitrate, came from the hydrox- 
ylamine. the loss of the other half from the tetranitrate indicated that 
Sirup 1 should contain 12.0% of nitrogen and 9.8470 of methoxyl groups. 
The  values found were N, 11.8; OCH3, 9.1%, the methoxyl content again 
being definitely low. Efforts were then directed to separating and identifying 
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the chemical constituents of the sirup by chromatograpl~ic methods, but 
the methods tried proved unsatisfactory because the literature yielded no 
information as to suita'ble conditions, and because reference compounds 
were inaccessible. Sirup 1 was then subjected to the series of reactions 
summarized in TabIe I. 

TABLE I 
CRYSTALLINE DERIVATIVES FROM PARTLY DENITRATED METHYL-8-GLUCOPYRANOSIDE 

TETRANITRATE (SIRUP l ) a  

Sirup 1 (OCH3, 0.92; NOa, 2 . 6 2 1 ~  

Sirup 2 (OCHa, 2.26; NOJ, 2.46)' 

Hydroge~lolysis 

Sirup 3 (OCH3, 2.22; NOa, 0.0) 

Acetylation 1 
Sirup I (OCH,, 2.28; OAc, 2 . 5 5 1 ~  

I 
Crystallization 

Methyl-I-rnetllyl- 
0-glucoside 
triacetate. M.p. 108OC. 

I -+' 
Sirup 5 

1 
Methyl rnonornethyl- 

(OCH3, 2.60; 8-glucoside 
OAc, 2.09) tr~acetates. M.p. 78°C. 

-+ 
Residual 
Sirup 9 

a Five grams of the tetranitrate, 5 0  ml. of pyridine, and 6.25 gm. of hydronylanzine near 30°C. 
for two hours. 

Substitutions per glucose unit;  nitrate sz~bstitution might inclzrde a little oxime. 
' Substitutions per glucose unit .  

Calc. from yields and sz~bstitutions of the three conzponents (nenl line of table). 

Methylation with silver oxide and methyl iodide gave Sirup 2 in practically 
quantitative yield and with little loss of nitrate groups. When these groups 
were removed by hydrogenolysis, the yield was again close to theory (Sirup 
3) but  was only 74% when this mixture of partly methylated methyl glucosides 
was acetylated with pyridine and acetic anhydride. The  product, Sirup 4, 
crystallized in part, and systematic fractional recrystallization separated 
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crude methyl-4-methyl-P-glucopyranoside triacetate (48%), an isomeric 
triacetate (11%), and a very viscous, uncrystallized residue (Sirup 5). After 
purification, the identity of the 4-methyl glucopyranoside triacetate was 
unequivocally established by means of its melting point and specific rotation 
(S,27,31) and by de-acetylation to methyl 4-methyl-P-glucoside. This glucoside 
was obtained in the crystalline state, m.p. 10l°C., in agreement with the 
recent independent work of R4cGilvray (29). The substance had the expected 
behavior toward aqueous sodium periodate, reducing 0.99 mole without 
the liberation of formic acid or formaldehyde. Acid hydrolysis yielded 4-methyl 
glucose (32) and its crystalline phenylosazone (13). 

The  melting point, TGO to 78"C., and the specific levorotation of -38" 
in chloroform found for the isomeric methyl monomethyl-P-glucoside tri- 
acetate did not agree with the values recorded for the 2-methyl (9), the 
3-methyl (21), or the &methyl (19, 20) derivatives. De-acetylation resulted 
in a glass that could not be crystallized, either as such or as the benzoate. 
The  glass had the methoxyl content of a inethyl monoinethyl hexoside, but 
when oxidized with aqueous sodium periodate consumed only 0.6 mole with 
the liberation of a little formic acid and no formalclehyde. These fractional 
amounts suggested that the glass was a mixture of various methyl monomethyl 
glucosides and that the homogeneity observed in the crystalline triacetate 
was spurious. 

The  residual Sirup 5 (Table I) was first de-acetylated with methanolic 
barium methylate, and the uncrystallized product did not change in specific 
rotation when dissolved for 48 hr. a t  0°C. in anhydrous methanol-chloroforn~ 
containing sodium methylate. Although de-acetylation appeared to b6 com- 
plete, a portion of the product could not be methylated with silver oxide 
and methyl iodide beyond OCH3, 50.1, 49.6y0, and no methyl tetramethyl 
P-glucoside (OCH3, G2y0) was recovered by fractional distillation of the 
methylated sample. I t  was assumed that Sirup 5 contained an acetyl group 
resistant to saponification by sodium or barium methylate, or of the type 
encountered by Helferich and Lang (21) and Dewar and Fort (13). The  re- 
mainder of Sirup 5 was again submitted to de-acetylation, this time with 
aqueous sodium hydroxide (21), and 55y0 was recovered as crystalline 
methyl 2,4-dimethyl-P-glucoside with the correct melting point and rotation 
(13). The  structure of this substance was confirmed by its failure to react 
with aqueous sodium periodate, by its hydrolysis to 2,4-dimethyl glucose, and 
by the capacity of the latter to yield the crystalline 4-methyl glucose phenyl- 
osazone (1,13) with elimination of a methyl group. 

The above results clearly showed that the partial denitration of methyl- 
p-glucoside tetranitrate led to a mixture of nitrates which included the 2,3,G- 
and 3,G-derivatives. After standing for two months in a desiccator over 
phosphorus pentoxide, a sample of Sirup 1 (Table I) deposited in 5y0 yield 
the crystalline 3,6-dinitrate, which was identified by its rotation and melting 
point. This identity was confirmed by a quantitative methylation to  the 
uncrystallized methyl 2,4-dimethyl-P-glucoside-3,G-dinitrate (13), and by 
hydrogenolysis of the latter in !%yo yield to crystalline methyl 2,4-climethyl- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



24 CANADIAN JOURNAL OF CHEBIISTRY. VOL.  31 

0-glucoside (1,13). Methyl-p-glucoside-3,6-cli11itrate was more conveniently 
isolated by extracting a chloroform solution of Sirup 1 with water, in which the 
dinitrate was rather soluble (15). The yield was 11.9% by weight, but the 
extract also contained 20% of a yellow sirup that could not be crystallized. 
Evaporation of the chloroform solution left a sirup which on methylation 
yielded another with the approxinlate composition o f a  methyl monoillethyl 
glucoside trinitrate. F o ~ ~ n d :  OCH3, 17.1, 17.5%. Calc. 0CH3,  18.1%. A 
series of experiments, analogo~~s to those already described, recovered the 
4-methyl, and the acetylated, unidentified mononlethyl, derivatives of methyl 
glucoside from this trinitrate, but no other substances were iclentified. Sirup 1, 
after the partial removal of the 3,6-dinitrate by crystallization, was also 
acetylated, but fractional crystallization of the mixed acetate nitrates did not 
yield chemical individuals. These two series of experiments have not been 
described in detail because they merely confirmed, but did not extend, the 
results already reported. 

Throughout the work noted in Table I and supported by other results, 
there was no indication that  methylation produced an additional s~~bst i tut ion 
of more than two in Sirup 1. The partial denitration of the methyl glucoside 
tetranitrate therefore appeared to remove only one or two nitrate groups 
from each molecule, and to give a mixture consisting exclusively of di- and 
tri-nitrates, perhaps contaminated with minor amounts of oxiines and other 
substances. When this possibility was neglected, the production of tri- and 
di-nitrates was in a molar ratio of about 70:30 from the amount of gas 
evolved (Fig. I ) ,  about 62:38 from the substitution of nitrate groups in 
Sirup 1 (Table I ) ,  and about 64:36 from the separation effected by extracting 
a chloroform solution of Sirup 1 with water. The 2,3,6-trinitrate and the 3,6- 
dinitrate preponderated, because about 28y0 of the original tetranitrate was 
recovered as crude methyl-4-n~ethyl-~-gl~1coside triacetate, and about 18% 
as methyl-2,4-dimethyl /3-glucoside, from Sirup 4. These yields might actually 
be greater, because losses of an undetermined nature reduced the yield of 
Sirup 4 to about 6870 of theory. 

The isolation of the unidentified methyl n~onomethyl glucoside triacetate, 
and of numerous intractable sirups with reasonable analyses, showed that the 
removal of nitrate groups from the tetranitrate by hydroxylamine in pyridine 
was to some extent of a random nature. Methyl-P-glucoside tetranitrate, 
moreover, failed to serve as a model of cellulose trinitrate, beca~~se  the group 
most affected was in the fourth position of the former substance, and the 
fourth positions of the glucose residues of the latter were not nitrated. In 
both cases the partiar denitration probably depended upon the superior 
reactivity of some nitrate groups, whose elimination stabilized the remainder. 
The  elimination might involve the formation of nitrohydroxamic acid, 
N02NHOH, and its decomposition to  nitrogen when in the presence of 
excess hydroxylamine (3), as previously discussed (38). 

EXPERIMENTAL 
Ataterials and Methods 

Pure methyl-(3-D-glucoside hemihydrate (24, 25, 28, or 36), when nitrated 
with acetic anhydride-acetic acid-100Yo nitric acid as described by Brissaud 
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( lo) ,  gave an  80 to 85% yield of the crystalline 2, 3,  4,  6-tetranitrate with the 
correct physical constants (6). Pure methyl-a-D-glucoside was nitrated with a 
phosphoric anhydride- 100Yo nitric acid m i x t ~ ~ r e  (38). T h e  2,3,4,6 tetranitrate, 
isolated in 8670 yield, showed a marked tendency to  reillail1 as a supercooled 
liquid, but  was recrystallized repeatedly by the slow cooling of its solution 
in ethanol. T h e  analyses and physical constants (10, 26) of the product 
showed it to  be quite pure. Since the two tetranitrates and also their partially 
nitrated derivatives were explosives, the scale of the preparations was restricted 
to 5 gm. or less, and all evaporations were under reduced pressure with bath 
temperatures below 50°C. Samples for analysis were dried to  constant weight 
in vacuo. Vacuum distillation of the nitrates was not attempted. 

Free crystalline hydroxylan~ine, prepared as required bj, a published 
method (38), was sensitive to moisture, heat, metals, and traces of alkali. 
T h e  substance was immediately dissolved in pyridine which had been 
dried over barium oxide and which boiled a t  115O to  115.5OC. T h e  solution 
was stored a t  O°C. for not more than 48 hr. before use. 

Commercial electrolytic hydrogen and an Adams Low Pressure apparatus 
were employed in the hydrogenolyses. T h e  palladized charcoal catalyst was 
prepared b y  the method of Hartung (17) and when thoroughly dry was 
pyrophoric. Two-gram-samples of methyl a-  or P-glucoside tetranitrate, 
when hydrogenated in clioxane-ethanol a t  30 to  40 p.s.i. and room temperature 
for 30 min. over 2 gm. of the catalyst, absorbed 7.6 and 7.8 moles of hydrogen 
per mole. Theory, 8 moles. T h e  crystalline methyl glucosides were recovered 
from the filtered hydrogenated liquors in 96 to  98% yield, a s  Kuhn reported 
(26). Other hydrogenolyses of nitrate groups were carried out in the  same 
manner. 

Total nitrogen, nitrate nitrogen, and methoxyl groups were determined b y  
methods previously indicated (38), and acetyl groups bj- saponification with al- 
coholic sodium hydroxide (11). In  the oxidations with aqueous sodium period- 
ate, the procedures described b y  several authors (2,22,37) were adapted and com- 
bined so tha t  a single 100 mgm. to 200 mgm. sample revealed the change in 
optical rotation, the moles of periodate consumed, and of formic acid and 
formaldehycle produced. 

Degrees of substitution were calculated by solving simultaneous equations 
of the type, yo 0 C H 3  = 3100 x/(180 + 14x + 45y + 132 + 42w), where 
x, y ,  z,  and w were the molar substitutions of methoxyl, nitrate, oxin~e, and 
acetyl groups, respectively. One or more of the unknowns was usually zero 
in practice, and the small, doubtful oxime substitution z was usually ignored. 

Action of Hydroxylamine-Pyridine on  Methyl Glucoside Tetranitrates (S i rup  1 )  

In  a typical experiment, 5 gm. of the P-tetranitrate was mixed with 50 ml. 
of an ice-cold 12.5% solution of pure hydroxylamine in pyridine contained 
in a flask fitted with a thermometer and calcium chloride drying tube. T h e  
nitrate dissolved readily to give a clear, colorless solution which almost 
immediately commenced to  evolve gas, and to become hot. T h e  final temper- 
ature was restricted to 25O to 35OC. by external cooling. After two hours, 
the solution, now pale yellow and still evolving gas, was poured into 500 ml. 
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of water, the aqueous mixture was rendered just acid to Congo red by adding 
4 N sulphuric acid and was extracted with one 200 ml. and four 100 ml. 
volumes of ether. Continuous extraction of the aclueous residue with ether 
for seven days removed only 0.17 gm. of a brown liquid that soon changed to 
a black tar. The washed and dried ether extracts on evaporation gave the 
golden yellow glass denoted as Sirup 1 (Table I ) ,  which was very soluble in 
acetone, ether, and cl~loroform, and soluble in methanol, ethanol, and benzene. 
Found: OCH3, 9.11, 9.19; total N (micro-Kjeldahl), 11.7, 11.9y0. Calc. for 
glucose substituted with 0.92 methoxyl and 2.62 nitrate groups (nlol. wt. 311): 
OCH3, 9.18; total N, l l .8y0. The average yield of 3.5 gm. was 84y0 of theory 
according to these substitutions. 

One-gram samples of methyl-CY-glucoside tetranitrate were separately 
dissolved in 10 ml. volumes of the pyridine-hydroxylamine reagent, b ~ l t  the 
solutions were precipitated into water after 10, 20, 30, 60, 120, 240, 360, 
and 720 min. a t  room temperature. The  aqueous mixtures when extracted 
with chloroform gave uniform yields of pale yellow glasses with refractive 
indices within the range n c ,  1.4925 =t 0.0015, and of constant composition. 
Found for all samples: 0CH3,  8.72 =t 0.07; total N (micro-Kjeldahl) 11.65 + 
0.25y0; for samples after 10 min. and 120 min., nitrate N (nitrometer) 10.93, 
10.95y0. Calc. for glucose substituted by 0.846 methoxyl, 2.34 nitrate, and 
0.18 oxime groups (mol. wt. 300); OCH3, 8.7; total N, 11.7; nitrate N ,  10.09%. 
The  yields, 0.65 gm., were about 80y0 of theory. 

Gas Evolved from Methyl-@-glucoside Tetranitrate- Hydroxylamine-Pyridine 
The tetranitrate, 1.00 gm., was placed in a 125 ml. round-bottomed flask 

fitted with a thermometer and dropping funnel, and connected to two 100 
ml. gas burettes by a 3-way stopcock, substantially as described by SegalI 
and Purves (38). A 12.5% solution of hydroxylamine in pyridine (10 ml.), 
was run into the flask and the volume and temperature of the gas evolved 
was noted a t  two to four minute intervals. The  results (Fig. I )  were closely 
reproducible and were corrected for the vapor pressure of pyridine (31). 

T o  determine the nature of the gas, samples were collected in the absence 
of air by carrying out the partial denitration for 12 hr. in the Toricellian 
vacuum of a Lunge nitrometer (38). The  samples were then analyzed in an  
Orsat apparatus fitted with pipettes containing potassium hydroxide, potas- 
sium pyrogallate, and acidified cuprous sulphate-@-naphthol reagents (39) 
for the absorption of carbon dioxide, oxygen, and carbon monoxide, respec- 
tively. Found : COz, 0.0, 0.0; 02, 0.0, 0.0; CO (apparent), 8.6, 8.6; residual gas, 
91.4, 91.4y0. The  residual gas, when dried with anhydrous calcium chloride, 
was found to have a molecular weight of 28.8 by the method of Daniels, 
Mathews, and Williams (12). A control determination with commerciaI 
nitrogen of 98.4% purity gave the correct molecular weight of 28.02. 

Methylation, Denitration, and Acetylation of Sirup 1 (Table I) 
In a typical experiment,Sirup I ,  3 gm., dissolved in 75 ml. of methyl iodide, 

was heated under reflux with 10 gm. of silver oxide and 4 gm. of powdered 
Drierite for eight hours. Filtration and evaporation yielded 3.38 gm. of 
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Sirup 2, which gave a positive diphenylamine test for nitrate groups. Found: 
OCH3, 21.8, 21.5; N,  10.7, 10.7y0. Calc. for glucose substituted with 2.26 
methoxyl and 2.46 nitrate groups (mol. wt. 322): 0CH3,  21.75; N, 10.7%. 
Remethylation did not alter the methoxyl content. 

Hydrogenolysis of 6.78 gm. of Sirup 2 yielded 4.41 gm. (98y0) of Sirup 3, 
a colorless, nitrate-free glass. Found: OCHS, 32.5, 32.7y0. Calc. for glucose 
substituted with 2.22 methoxyl groups (mol. wt. 211): OCH,, 32.6%. A 
7.15 gm. sample of Sirup 3 was acetylated overnight a t  room temperature 
with pyridine (196 ml.) and acetic anhydride (19.6 ml.) and 8.0 gm. (72%) 
of the acetate was recovered in a clear, colorless state (Sirup 4). 

A solution of all of this product in 55 ml. of anhydrous ether was cooled 
to 0°C. and was diluted until just turbid with about 5 ml. of pentane. The  
long needles that  separated were removed, and six further crops of crystals 
were recovered from the mother liquors over a period of four weeks. Evapora- 
tion of the mother liquors yielded 3.86 gm. of a tough, viscous sirup which 
was retained as Sirup 5. The  first three crops of crystals, 3.06 gm., all melting 
between 105" and 108"C., and also the fourth, 0.17 gm., m.p. 96" to 9g°C., 
were crude methyl-4-methyl-P-glucoside triacetate. The remaining three 
fractions, 0.88 gm., each melting rather sharply between 76" and 81°C., 
contained the crystalline isomer. 

Methyl-4-methyl-P-glz~cofiyranoside and its Triacetate 

After recrystallization from ether, the crude triacetate, 3.23 gm., yielded 
2.51 gm. of pure material as long, colorless needles, with the proper methoxyl 
content. The  melting point, 107.5" to 108.5"C., and the specific rotation in 
chloroform, -34.g0, agreed closely with the published values (8,27,32). 

A solution of 2.11 gm. in 50 ml. of anhydrous methanol was deacetylated 
according to  Levene and Tipson (28) by adding 2.7 ml. of 0.2 N barium 
methylate in methanol. After standing overnight a t  O°C., barium was removed 
as the carbonate, and the filtrate yielded 1.3 gm. of long needles. Repeated 
crystallization from ethyl acetate established the melting point of methyl- 
4-methyl-P-glucoside a t  101" to 101.5"C., and the compound had specific 
levorotations of [a]: - 21.0" in water (c, 2), - 17.4" in methanol (c, 3.44). 
McGilvray (29) found m.p. 102" to 103"C., and [a]: - 17.6" in water. 

A 200 mgm. sample of the glucoside was dissolved a t  20°C. in water, 15 ml. 
of 0.1458 M sodium metaperiodate, NaI04 ,  was added and the final volume 
was adjusted to  25 ml. The  specific rotation changed from - 21" to  - 126" in 
80 min. ; no formic acid or formaldehyde was formed and 0.99 inoles of periodate 
per mole of glucoside was consumed. 

Hydrolysis of the glucoside, 1..105 gm., with N sulphuric acid near 100°C. 
caused the specific rotation to assume the constant value of 51.0" in 11 hr., 
and 1.04 gm. of 4-methyl glucose was isolated as a colorless, copper reducing 
glass with the correct methoxyl content. A 3.846y0 solution of the sugar in 
water mutarotated from [a]: + G2.1° (19 min.) to a constant value of + 56.2" 
(330 min.). Munro and Percival (32) reported the final value as + 53" (c, 2.1). 
The  phenylosazone of the sugar was prepared in 58y0 yield, and after recrystal- 
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lization from aqueous acetone the fine yellow needles melted a t  157.5" to 15g°C., 
in agreement with the published value (32). 

fifethyl-monomethyl-hereosicte Triacetate 
Fractions 5 to 7 of Sirup 4, 0.88 gm., were recrystallized from alcohol- 

n-pentane until the melting point became constant a t  76" to 77.5"C. and the 
rotation in chloroform was -34.6" (c, 16.4). Found: OCHp, 18.7, 18.5; acetyl, 
36.7, 37.7; N ,  0.0, 0.0%. Calc. for C6H,04(0CH~)~(CHpCO),: OCH,, 18.6; 
acetyl, 38.6%. 

An accumulation of 1.64 gm. of the triacetate was dissolvecl in 10.0 ml. 
of chloroform and was de-acetylated by adding 0.0165 gm. of sodium dissolved 
in 16.0 ml. of methanol to the solution. The observed rotation was [a]: - 3.36" 
after four minutes and attained constancy a t  - 1.96" after 96 min. The  
product, 1.025 gm. (101%) could not be crystallized, and 4% solutions in 
water and methanol a t  20°C. had specific rotations (D line) of - 22.1" and 
- 22.g0, respectively. Found: OCHp, 28.3, 28.4%. Calc. for C81-IIGOG: 
OCH,: 29.8y0. 

A solution of 0.933 millimoles (0.194 gm.) of the monomethyl methyl 
hexoside in 25 ml. of 0.15 M sodium perioclate changed in rotation from 
- 0.54" (3 min.) to constancy a t  - 1.14" (GO min.). No formaldehyde was 
detectecl in the liquor, but 0.012 n~illimoles of formic acid was produced and 
0.556 millimoles (60%) of periodate was consumed. 

Methyl-2,d-dimethyl-p-glz~copyranoside and 2,4-Dimethyl Glucose 
Sirup 5 (Table I) ,  3.725 gm., was de-acetylated with alcoholic barium 

methylate a t  0°C. (28), and the uncr>rstallized product (Sirup 6), 2.95 gm., 
was dissolved in 40 ml. of water. When this solution was shaken with three 
10 ml. volun~es of chlorofor~n, the portion extracted and the portion remaining 
in the aqueous residue had the same properties. Found in each: OCH,, 32.9, 
32.7%; n,l.4668; [a]: - 19.7" in water. 

A second sample of Sirup 6, 0.55 gm., was again de-acetylated by solution 
for 20 hr. a t  room temperature in 15 ml. of 0.05 N sodium hydroxide (21). 
The alkali was exactly neutralized with sulphuric acid and the crystalline 
residue from the evaporation of the liquor was extracted with boiling acetone. 
The  colorless crystals, 0.55 gm., recovered from the acetone melted a t  99" 
to 113"C., and recrystallization from alcohol-petroleum ether gave 0.22 gm. 
of Sirup 9, which was not further examined, and 0.28 gm. of pure methyl-2,4- 
dimethyl-p-glucoside. Yield, 55y0 of theory from Sirup 5. 

Pure methyl-2,4-dimethyl-P-glucoside, which could also be recrystallized 
from carbon tetrachloride, melted a t  123.5" to 124°C. and had specific rota- 
tions of [a] ?- 17.7" in acetone (c, 3.3), and - 26.5" in water (c, 3.26). Dewar 
and Fort (13) found m.p. 124°C. and a rotation of - 16.3" in acetone; while 
the values quoted by Adams, Reeves, and Goebel (I)  were n1.p. 122" to  124°C. 
and [a]:' - 18.6". A second m.p. of 107" to 108°C. was found for the freshly 
remelted substance, as Adams and his co-workers reported. No change in 
rotation or pH occurred when the glucoside was dissolved in aqueous sodium 
periodate a t  20°C. for four hours. No periodate was consulned and no formal- 
dehyde could be detected in the final solution. 
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A 0.81 gm. sample of the pure glucoside, when hydrolyzed with boiling 
N sulphuric acid, gave 0.77 gnl. of 2,4-dimethyl glucose as a sirup that did 
not crystallize. Found: OCH3, 29.3, 29.0%. Calc. for CGI-I,OOG(OCH~)~: 
OCH3, 29.8%. The product readily reduced Fehling's solution, and its specific 
rotation in water changed from [a]: + 59.2" (c, 2.88) after 11 min. to a 
constant value of 62.2" after two hours. When heated near 100°C. for 2.5 
hr. with 10 ml. of water, 3 gm. of sodium acetate, 2 gm. of phenylhydrazine, 
and 3 drops of saturated sodium bisulphite solution, 0.72 gm. of the dimethyl 
glucose yielded a red oil that was extracted with ether. After being washed 
with 4 N acetic acid, cooling of the ether solution and the addition of n-pentane 
caused the crystallization of 0.05 gm. of 4-methyl glucose phenylosazone. 
Recrystallization from aqueous acetone caused the product to melt correctly 
a t  157" to 158"C., and a mixed m.p. with an authentic sample was not 
depressed. 

hfethyl-8-glucopyranoside-5,6-dinitrate 

This dinitrate was conveniently isolated by dissolving 26.5 gm. of Sirup 1 
(Table I )  in 500 ml. of chloroform and extracting the solution four times with 
200 ml. volumes of water. The combined aqueous extracts were then continu- 
ously re-extracted with ether for 24 hr., or until a fresh ether extract gave no 
color in the diphenylamine test for the nitrate group. Evaporation of the 
ether then left 8.56 gm. of a semicrystalli~le mass which on recrystallization 
from chloroform gave 3.14 gm. (11.9% by weight) of the dinitrate. 

The large colorless prisms of methyl-8-glucoside-3,6-dinitrate when re- 
crystallized from cold chloroform melted a t  144" to 145°C. and had a specific 
rotation of [a]: - 7.2" in acetone (c, 1.52), in agreement with the observations 
of Dewar and Fort (13). Found: 0CH3,  10.9, 10.3; N,  9.85, 9.84%. Calc. 
for CGH905(OCH3)(N0,),: OCH3, 10.9; N, 9.86%. 

Two grams of the pure dinitrate, when twice methylated with silver oxide 
and methyl iodide, yielded 2.15 gm. of an uncrystallized product with the 
methoxyl and nitrogen contents of methyl-2,4-dimethyl-8-glucoside-3,G- 

20 dinitrate. The refractive index, n, , 1.4623, and the specific rotation in chloro- 
form, [a]: - 7.g0, (c, 5.36) were close to those reported (13). A 1.34 gm. 
sample of this methylated dinitrate on hydrogenolysis gave 0.89 gm. (93%) 
of crystalline, nitrate-free methyl-2,4-dimethyl-8-glucoside with the proper 
rotation, m.p., and mixed m.p. (13). 
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A NEW GENERAL SYNTHESIS O F  2-AMINO ALCOHOLS',' 

Une nouvelle synthhsc permet d'obtenir les 2-amino alcools i partir de 
I'ac~tamidomalonate d'kthyle. La methode consiste i condenser un derive 
halogen6 approprie avec le sel de sodium de I'ac~tamiclomalonate d'ethyle. Par 
inonosaponification de ce di-ester suivic de d6carboxylation, on obtient u11 ester 
ethylique N-acetamid6 qu'on reduit par l'hydrure de lithium et d'alurni~lium en 
alcool N-acetamide. Par hydrolyse, on obtient le chlorhydrate du 2-amino alcool 
correspondant. Le ~ ,~-phenyla laninol ,  le D,L-tyrosinol et  le D,L-leucinol ont 
ainsi kt6 prepares avec d'excellents rendements. La 1n6thode semble Ctre d'appli- 
cation g6116rale et  les produits ir~termediaires sont faciles A isoler. 

INTRODUCTION 

2-Amino alcohols are an important class of compounds owing mainly to  
their pharmalogical and physiological properties (14). With the development 
of new techniques for the degradation of proteins (6, 9, 12), amino alcohols 
related to natural amino acids have assumed a new importance. In these 
stepwise degradations, reduction of an esterified protein a t  a free carboxyl 
end gives an amino alcohol which is separated from the amino acids and 
identified by a suitable analytical method (4, 8). 

In order to investigate a new method for the deterlnination of 2-amino 
alcohols, it became of interest to develop a new general synthesis that would 
allow these compounds to be preparecl in substantial quantities and in analy- 
tically pure form. Some of these 2-arnino alcohols have been prepared by the 
reduction of the corresponding natural amino acids or their derivatives. 
Karrer and his co-workers (15, 17) and Enz and Leuenberger (11) have 
reduced the ethyl esters of some amino acids with sodium in alcohol. Some 
years later, Icarrer et al. (16) and Barrow and Ferguson (3) acetylated the 
amino acid esters, thus in~provi~lg the yields in the reduction. 

Some workers have tried a catalytic reduction with hydrogen of the amino 
acid esters (7, 20, 21) and of the cr-benzylamino acids (23), but in all cases 
the yields were poor. 

With the availability of powerful reducing agents such as lithiunl aluminum 
hydride, Karrer, Portmann, and Suter (18, 19) have used them for the reduc- 
tion of amino acid esters and have obtained yields between 50% and 85% 
in the corresponding amino alcohols. Dornow, Messwarb, and Frey (10) have 
reduced amino acid esters with lithium aluminum hydride in boiling tetra- 
hydrofuran. Fromageot and his collaborators (12) have applied the same 
reduction to esterified proteins and to different amino acid esters in order to 
determine the chromatographic behavior of the amino alcohols thus obtained. 

1 .Manuscript received Ju ly  20, 1953. 
Contribution from the Department of Biochemistry, Faculty of Medicine, Lava1 University, 

Quebec, P.Q. 
2 Presented before the annual, meeting of the Chenlical Institzite of Canada, Windsor, June 

4-6, 1953. 
3 Holder of a Fellowsizip of the National Cancer Institute of Calzada. 
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Finally in 1952, Vogl and Pohnl (24) have reduced directly the free amino 
acids, in suspension in boiling tetrahydrofuran, to the amino alcohols with 
yields of 75y0 to 85y0. The quantities used in this case were less than one 
gram. 

If small quantities of optically active amino alcohols are required, they 
can be obtained by simple procedures from L-amino acids. If, however, 
optical activity is not a consideration it was felt that  a new direct synthesis 
of the amino alcohols, without the use of the amino acids, would be more 
eco~lomical. 

Ethyl acetamidomalonate has been widely used in the synthesis of amino 
acids (1, 2, 22), and it has become the starting material i'n one of the classical 
methods in that field. I t  consists in condensing an alkyl halide with the 
ester and degrading by hydrolysis the resulting compound to the desired 
amino acid. 

COOCzHs COOCzHs 
I abs. I KOH 

R-X + Na-C-NHCOCH3 ---------+ R-C-NHCOCH3 
I alc. I abs. alc. 
COOC,Hs COOCzHs 

COOIC COOH 
I HCI I A 

R-C-NHCOCH, - R-C-NHCOCHj I R-CH-COOCzHs 

COOCzHs 

v 
LiAlHd 

R-CH-CH2OH - R-CH-CH20H -k R'-CH-CH20H 
I 
NHCOCHj 

I 
NHz. HCI 

I 
NH2 

VII VIII IX 

R = R' = C~HS-CH~-  for phenylalaninol 
R' = FOH-(C~HI)-CH~- for tyrosir101 
R' = CHB-CH-CHz- for leucinol 

I 
CH3 

In order to  obtain amino alcohols by modifying this method, it was neces- 
sary to  proceed stepwise in the hydrolysis of the condensation product of 
ethyl acetamido malonate (11) with the alkyl halide (I) (the average yield 
in this condensation is 80y0). The  di-ester (111) was monosaponified in absolute 
alcohol with slightly more than one equivalent of potassium hydroxide. The 
potassic salt (IV) was then acidified and the half ester (V) was isolated with 
yields around 80%. 

By heating the N-acetamido half ester (V) a t  150°C., decarboxylation 
took place smoothly and the resulting N-acetanlido ethyl ester (VI) was 
recrystallized froin ligroin (yield 90%). I t  was reduced in the cold with 
lithium aluminum hydride in absolute ether or tetrahydrofuran to give the 
N-acetamido alcohol (VII). 
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Reduction was always carried out in the cold in order to minimize reduction 
a t  the N-acetamido link (8). 

In the case of o-methyl- D , L - t y r ~ ~ i n ~ l ,  the N-acetamido derivative (VII) 
has been isolated from ether. But the other N-acetamido alcohols, being 
liquids, were directly hydrolyzed to give the corresponding 2-amino alcohol 
hydrochlorides (VIII) with 70-80yo yield. 

The free ainino alcohols (IX),  except D,L-tyrosinol, were obtained by  
passing the hydrochloride solutions through a column of Permutit S-1. 

In the case of o-methy1-N-acetyl-~,1~-tyrosinol the hydrolysis with hydro- 
chloric acid did not split the ether link, and o-methyl-D,L-tyrosinol was 
obtained. This amino alcohol when refluxed for 12 hr. with a mixture of 
glacial acetic acid and hydrochloric acid did not yield any D,L-tyrosinol. 

o-Methyl-tyrosinol was then refluxed with a mixture of glacial acetic 
acid and hydrobromic acid (48%) for 12 hr. The hydrobromide was passed 
through a column of Permutit S-1, but the expected free D,L-tyrosinol did 
not come out and was adsorbed. Elution with hydrochloric acid gave D,L- 

tyrosinol hydrochloride. 
T o  obviate this adsorption on the column, D,L-tyrosinol hydrobromide 

was neutralized with sodium carbonate and the free amino alcohol was ex- 
tracted with alcohol. Free D,L-tyrosinol (70%) was recrystallized from 
alcohol-ether mixture. 

This general method of synthesis is presently applied in this laboratory 
for other amino alcohols. 

Results of the physiological tests will be published elsewhere. 

EXPERIMENTAL P A R T  

2-Acetamido-2-carbethoxy-3-phenylpropionic Acid 
T o  a solution of 30.7 gm. (0.1 mole) of ethyl 2-acetamido-2-carbethoxy-3- 

phenylpropionate (prepared by the method of Albertson and Archer) (2) 
in 100 nll. of absolute alcohol was added 110 ml. of 1 . 0  N potassium hydroxide 
solution in absolute alcohol. The mixture was stirred and allowed to stand 
a t  room temperature overnight. I t  was then filtered to yield 1 gm. of inorganic 
salt and possibly some dipotassic salt of 2-acetamido-2-carboxy-3-phenyl- 
propionic acid. The filtrate was concentrated in vacz~o on the water bath, 
and cold water was added. Most of the residue dissolved with the exception 
of unreacted ethyl 2-acetamido-2-carbethoxy-3-phenylpropionate, which was 
filtered and dried, giving 3 . 0  gm. (9.8%) of the starting material. 

The clear filtrate was then acidified to Congo red with hydrochloric acid. 
The heavy precipitate thus forined was allowed to solidify in the cold, filtered, 
and dried. The yield of 2-acetamido-2-carbethoxy-3-phenylpropionic acid 
was 23.8 gin. (85.4%). Melting point: 129-130°C.* with evolution of gas. 
Calc. for Cl4Hl7O6N : N, 5.02%. Found : N, 5. 04y0. 
Ethyl 2-Acetamido-3-phenylpropionate 

In a dried flask connected to a vacuum pump there were placed 19.5 gm. 
of 2-acetamido-2-carbethoxy-3-phenylpropionic acid. The  flask was immersed 

*Melting points are not corrected. 
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in a metal bath a t  150°C. for 15 min. and decarboxylation took place vigor- 
ously. The resulting oil was recrystallized from ligi-oin yielding 11.5 gin. 
(88.3%) of ethyl 2-acetamido-3-phenylpropionate. Melting point: 69-70"~.  
Calc. for C13H1,03b!: N, 5.96%. Found: N ,  5.98%. 

In an Erlenmyer surrounded with ice and containing 12.15 g n ~ .  of ethyl 
2-acetamido-3-phenylpropionate in solution in absolute ether, there were 
added drop by drop, by ineans of a separatory funnel fitted with a calcium 
chloride tube, 3.0 gm. of lithium aluminum hydride in 100 ml. of absolute 
ether. During the addition and for two more hours, the mixture was shaken 
with a magnetic stirrer. Excess of lithium aluminum hydricle was deconlposed 
with small lumps of ice until there was no more evolutioil of gas. The mixture 
was heated and filtered on a Biichner funnel. The inorganic solid was extracted 
twice with boiling alcohol and the combined extracts were evaporated in 
vacua. The  oily residue weighing 9 .0  gm. did not crystallize in the cold and 
was then hydrolyzed. 

In a subsequent run, 2 .8  gm. were distilled a t  160-170°C. a t  6 min. giving 
a viscous liquid which did not crystallize. 

D, L-Phenylalaninol Hydrochloride 

N-acetyl- D,L-phenylalaninol obtained from the preceding reduction was 
refluxed for three hours with 100 ml. of 2 N hydrochloric acid. The solution 
was then evaporated in vaczlo, dissolved in water, and purified with Norit. 
The clear solution was again evaporated in vacuo and the residue was re- 
dissolved in 30 ml. of boiling alcohol. Ether was added until turbidity appeared 
and D,L-phenylalaninol hydrochloride crystallized out rapidly. I t  was 
collected by filtration and dried, yielding 8 . 1  gm. (81%) of pure product. 
Melting point: 154-155°C. Karrer and collaborators (17) gave a melting 
point of 128°C. for L-phenylalaninol hydrochloride. Calc. for C9Hl,0NCl: 
N,  7.48a/o, C1, 18.92%. Found: N, 7.57%, C1, 18.90%. 

D, L-Phenylalaninol 
D,L-Phenylalaninol hydrochloride (7.01 g n ~ . )  was dissolved in 50 ml. of 

distilled water. The solution was passed through a colun~n of Permutit S-1. 
The resulting solution was free from chloride ions and had a pH above 11.0. 
I t  was evaporated to dryness and dissolved in a minimum of boiling alcohol. 
Ether was then added until faintly turbid and upon cooling, 4 .7  gm. (83%) 
of pure D,L-phenylalaninol was obtained. Melting point: 73-75°C. An 
analytical sample, recrystallized from ether, had a melting point of 75-77°C. 
Litt.: 67-68°C. (18,21). The RJ value in water-phenol solution is 0.74. Calc. 
for CgHlaON: N,  9. 28Y0. Found: N,  9.3070. 

D,L-Phenylalaninol Acid Oxalate 
D,L-Phenylalaninol (0.6 gm.) was dissolved in 5 ml. of ethanol and 3 . 0  

gm. of oxalic acid in solution in 5 ml. of ethanol were added. The mixture 
was warmed a little and chilled with some scratching. D,L-Phenylalaninol 
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acid oxalate thus obtainecl weighecl 0.95 gm. (980j0). Melting point: 176°C. 
Calc. for CllHl6O5N: N,  5.81%. Found: N, 5.93%. 

D, L-Phenylala?zinol Neutral Oxalate 

A solution of 0 . 2  gm. of D,L-phenylalaninol in 5 inl. of ethanol was slowly 
neutralized by the addition of 1 .O gm. of oxalic acid in 5 ml. of water until 
phenolphthalein was discolored. Upon cooling, the neutral oxalate crystallized. 
I t  was recrystallized in dilute alcohol. Yield: 2 .2  gm. (81%). Melting point: 
225°C. Calc. for C2,,H2806N2: N,  7.14%. Found N ,  7.20%. 

N-Benzoyl- D, L-phenylalaninol 

A solution containing 0 . 8  gm. of sodium hydroxide and 1.87 gin. of D, t- 

pheilylalaninol hydrochloride was vigorously shaken with 1.16 nll. of beilzoyl 
chloride. After a few minutes, the solid was filtered and dried. I t  was recrystal- 
lized from water and alcohol, yielding 1 .7  gm. (690j0) of N-benzoyl-D,L- 
phenylalaninol. Melting point: 140-142°C. Calc. for C16H1702N: N ,  5.500j0. 
Found: N,  5.610j0. 

A small quantity of another product, possibly N-benzoyl-O-benzoyl- 
D,L-phenylalaninol, was also collected. Melting point: 150-152°C. Calc. 
for C23H2103N: N,  3.91%. Found: N,  3.95%. 

To  a stirred, boiling solution of 43.4 gm. of ethyl acetainidoinalonate and 
4.6 gin. of sodium in 200 ml. of absolute ethanol was added 33.0 gm. of 
anisyl chloricle. The anisyl chloride was prepared with 850jo yield from thionyl 
chloride, anisyl alcohol, and dimethylaniline in chloroform according to  
Gaudry's method (13). Refluxing was continued for four hours after which the 
sodium chloride was filtered. The resulting alcoholic solutioil was concentrated 
in vacuo and 500 ml. of ether addecl. Upon cooling, 53.8 gm. (800j0) of 
crystalline ethyl 2-acetan~ido-2-carl~ethoxy-3-(p-methoxyphenyl)pi-opionate 
were obtained. The melting point was 101°C. Litt.: 96°C. (5). Calc. for 
C17H2306N: N ,  4.16%. Found: N ,  4.12%. 

2-Acetamido-2-carbethoxy-3-(p-methoxyphenyl)propionic Acid 

In a flask containing 370 ml. of 0 . 3  N alcoholic potassium hydroxide was 
added 33.7 gm. (0 .1  mole) of ethyl 2-acetan1ido-2-carbethoxy-3-(p-n1ethoxy- 
pheny1)propionate. The mixture was agitated with a magnetic stirrer over- 
night. I t  was then treated according to the procedure described for 2-acetami- 
do-2-carbethoxy-3-phenylpropionic acid. Yield of 2-acetamido-2-carbethoxy- 
3-(P-methoxyphenyl) propionic acid : 27.2 gm. (8870). Melting point :132-133°C. 
with evolution of gas. I t  was recrystallized by solution in a minimum of 
boiling alcohol which was then rapidly poured over cracked ice. Calc. for 
C15H1906N: N, 4. 54Y0. Found: N ,  4.59%. 

If the amount of added potassium hydroxide is less than the theoretical 
quantity, unreacted starting material is recovered without any loss or con- 
tamination. If the alcohol contains an appreciable amount of water, some 
spontaneous decarboxylation might occur during or before acidification, in 
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which case the decarboxylated ester is recovered by ethereal extractioll of 
the acidified water. 

Ethyl S-(p-Metho3cypheny1)-2-acetamido Propionate 

The decarboxylation was carried out in the same way as for ethyl 2- 
acetanlido-3-phenylpropionate. The 2-acetamido-2-carbethoxy-3-(p-methoxy- 
pheny1)-propionic acid (21.3 gm.) was decarboxylated to yield 17.4 gm. 
(95y0) of 3-(P-n~ethoxypheuy1)-2-acetamido propionate. When recrystallized 
from ligroin, it had a melting point of 72-73°C. Calc. for C14H1904N: N ,  5 .  29y0. 
Found, 5 .  30y0. 
o-Methyl-N-acetyl- D,  L-tyrosinol 

The reduction was carried out as for N-acetyl- D,L-phenylalaninol. Ethyl 
3-(p-methoxypheny1)-2-acetamido propionate (15.5 gm.) was reduced in 
cold absolute ether with 3 . 0  gm. of lithium aluminum hydride. The o-methyl- 
N-acetyl- D , L - t y r ~ ~ i l l ~ l  thus obtained weighed 13.1 gm. (8870). An analytical 
sample was recrystallized from ether and had a melting point of 110-111°C. 
Calc. for C12H1703N: N,  6.28%. Found: N,  6 .  28y0. 
o-Methyl- D, L-tyrosinol Hydrochloride 

o-Methyl-N-acetyl- D ,  L-tyrosinol (9.5 gm.) was hydrolyzed as described 
for D, L-phenylalaninol hydrochloride. o-Methyl- D,L-tyrosinol hydrochloride 
crystallized from alcohol-ether mixture. I t  was collected and dried. Yield: 
7.92 gm. (85. Gy0). Melting point: 195-197°C. Calc. for CloH160?NCI, 16 .3%. 
N, 6.47y0. Found: C1, 16.2y0. N ,  6.44y0. 

o-Methyl- D,L-tyrosinol 

A solution containing 3 . 0  gm. of o-methyl-D,L-tyrosinol hydrochloride 
in 50 ml. of water was passed through a column of Permutit S-1. The resulting 
solution, which was free from chloride ions, was evaporated to dryness. 
The residue was recrystallized from ether yielding 2.1 gm. (84y0) of o-methyl- 
D,L-tyrosinol. Melting point: 80-82°C. Calc. for C10H1502N: N, 7.74%. 
Found: N ,  7.83%. 

o-Idethyl- D,L-tyrosinol! Neutral! Oxalafe 

The o-methyl- D,L-tyrosinol neutral oxalate, recrystallized from water and 
alcohol, had a melting point of 220°C. Calc. for C?2H3208N?: N,  6.20y0. 
Fouild: N,  6.21y0. 

o-Methyl- D, L-tyrosinol Acid Oxalate 

o-Methyl-D,L-tyrosinol acid oxalate recrystallized from alcohol had a 
melting point of 160°C. Calc. for C12H1706N : N, 5.17%. Fouild : N, 5.10%. 

A solution of 1.18 gnl. of o-methyl- D,L-tyrosinol in 50 ml. of glacial acetic 
acid and 50 ml. of hydrochloric acid was refluxed for 12 hr. The starting 
material was recovered. I t  did not give the Millon test for phenolic group. 

A solution containing 6.35 gm. of o-methyl-D,L-tyrosinol in 50 ml. of 
glacial acetic acid and 50 ml. of 48% hydrobroinic acid was refluxed for 
12 hr. The mixture was evaporated to dryness, and dissolved in water. 
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Half of the solution was passed through a column of Permutit S-1. The 
filtrate did not give the ninhydrin or the Millon tests. Alcohol was then 
passed through the column and this alcoholic filtrate was also negative to the 
previous tests. Both filtrates were combined and evaporated to dryness. 
No residue was obtained. 2 N Hydrochloric acid was then passed through the 
column and the acid eluate was evaporated to dryness yielding 2 .6  gm. of a 
viscous oil which gave a positive ninhydrin and Millon test. 

The other half of the solution was evaporated to dryness and then dissolved 
in a minin~um of water. A solution of sodium carbonate was then added until 
pH 9.0 was obtained. The mixture was evaporated to dryness and the residue 
was dissolved in 20 ml. of boiling alcohol. Insoluble salts were filtered and 
the alcoholic filtrate was again evaporated. The residue was recrystallized 
by solution in boiling alcohol and addition of ether until turbidity appeared. 
D, L-Tyrosinol crystallized yielding 2 .0  gm. (70%). Melting point: 128-129°C. 
Litt.: 94°C. for L-tyrosinol (11, 18). Calc. for CgH1302N: N,  5.40%. Found: 
N ,  5.50%. 

D, L-Tyrosinol Hydrochloride 

D,L-Tyrosinol was ileutralized by addition of hydrochloric acid. The 
D,L-tyrosinol hydrochloride thus obtained was recrystallized from alcohol- 
ether mixture. Melting point: 186°C. Calc. for CgH1,02NCl: N ,  6.88%. 
C1, 17.42%. Found: N ,  6.78%. Cl, 17.32%. 

D,L-Tyrosinol Neutral Oxalate 

D,L-Tyrosinol neutral oxalate, recrystallized from methanol, had a melting 
point of 231°C. 

D, L-Tyrosinol Acid Oxalate 

The melting point of D,L-tyrosinol acid oxalate recrystallized from alcohol- 
ether mixture was 166°C. 

2-Acetamdo-2-carbethoxy-4-methyl-pentanoic Acid 
A solution containing 27.3 gm. of ethyl 2-acetamido-2-carbethoxy-4- 

methylpentanoate (prepared according to the method of Albertson and 
Archer (2)) in 370 ml. of 0 . 3  N alcoholic potassium hydroxide was agitated 
overnight in a closed flask by ineans of a magnetic stirrer. 

The solution was then treated as described for 2-acetamido-2-carbethoxy-3- 
phenyl propionic acid. Yield of 2-acetamido-2-carbethoxy-4-methylpentanoic 
acid: 19.6 gm. (80%). 

An analytical sample was recrystallized from water. Melting point: 130- 
132°C. with evol~~tion of gas. Calc. for CllH1905N : N, 5.72%. Fouild : 5.73%. 

Ethyl 2-Acetamido-4-methyl-pentanoate 

In a flask connected to a vacuum pump, 10.8 gm. of 2-acetamido-2-carbe- 
thoxy-4-methyl-pentanoic acid were heated a t  150°C. i n  vaczlo for 15 min. 
Decarboxylation proceeded smoothly and the resulting oil was distilled; 
8 . 0  gm. (90.3%) of ethyl 2-acetamido-4-inethylpentalloate passed a t  148- 
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152°C. a t  7 mm. The clear oil did not crystallize after a prolonged period in 
the cold. 

N-acetyl D, L-Leucinol 

The  reduction was carried out as for N-acetyl-D,I--phenylalaninol. Ethyl 
2-acetanlido-4-methyl-pentanoate (8.0 gm.) was reduced with 3 . 0  gm. of 
lithium aluminum hydride. N-acetyl-D,L-leucinol was isolated as an oil, 
weighing 4 . 6  gm. (72.8y0), and distilling a t  172-175°C. a t  9 mm. I t  did not 
crystallize in the cold. 

D, L-Leucinol Hydrochloride 
A solution containing 4 . 6  gm. of N-acetyl- D,L-leucinol was treated ac- 

cording to the procedure described for D,L-phenylalaninol hydrochloride. The  
recrystallized D,L-leucinol hydrochloride weighing 3 .9  gin. (8870) had a 
melting point of 161-162°C. Calc. for CGHlsONCI: N, 9.  13y0. C1, 23.8y0. 
Found: N,  9.22%. C1,24.3%. 

D, L-Leucinol Neutral Oxalate 
A solution of free D,L-leucinol was obtained by passing 1 .0  gin. of D,L- 

leucinol hydrochloride through a colun~il of Permutit S-1. From this solution 
D,L-leucinol neutral oxalate was prepared. Recrystallized from alcohol, i t  
had a melting point of 206°C. Calc. for Cl4H3206N2: N, 8.64%. Found: 
N,  8.61%. 

D, L-Leucinol Acid Oxalate 
In the same way, D,L-leucinol acid oxalate was prepared. Melting point: 

179°C. Calc. for CBHI7O5N: N,  6.77%. Found: N,  6.70%. 
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THE PHOTOLYSIS OF MERCURY DIMETHYL WITH 3-ETHYL 
PENTANE1 

ABSTRACT 

Mercury dimethyl was photolyzed in the presence of 3-ethyl pentane in the 
temperature range from 76°C. to 238°C. The activation energy for the reaction 

CH, + C,Hl,+ CH4 + ClHls 
was found to be 6.8 + 0.3 kcal. per mole. 

INTRODUCTION 

In a previous paper (1) the activation energies and the rate constants for a 
number of reactions of the type 

C H 3 + R H + C H , + R  
were determined. T o  these we can now add the present hydrocarbon, 3-ethyl 
pentane. So far as the authors know, this reaction has not been investigated 
before by any method. 

EXPERIMENTAL 

The experimental set-up was exactly the same as that reported previously 
(1). No filters were used. The mercury dimethyl was the same as before and 
was better than 99% pure. The  3-ethyl pentane was a standard sample from 
the American Petroleum Institute, 225-5s. The stated impurity was 0.13 
f 0.03 mole per cent. 

Resz~lts 
The results are given in Table I and are plotted in Fig. 1. The method of 

calculating the results is exactly the same as before. 

TABLE I 
THE PHOTOLYSIS O F  MERCURY DIMETHYL WIT11 %ETHYL PENTANE 

I I 

Manz~script  recrived September 25,  1853. 
Contribution from the Division o f  Pure Cherrtistry, ~Vatiottal Resec~rclt Council, Ottawa,. 

T e l ~ ~ p . ,  
OK. 

- .  
Canada. Issued as N:R.C. No. 3113. 

- 

2 Natiozal Research Council of Canada Postdoctorate Fellow 1951-53. 
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Arrhenius plot for reaction of methyl radicals with 3-ethyl pentane. 

Discussion 

The main steps of the over-all reaction are the following 
Hg(CH3), + hv --t Hg + 2CH3 [OI 

CH, + Hg(CH3)2 -+ CH4 + CH3HgCHe 11'1 
CH3 + C7H16 -+ CHI + C7H15 [I] 

2CH3 -+ C2H6. l21 
We assume that  methane and ethane are not formed by any other reaction 

than those postulated above. The fate of CH3HgCH2 and C7H15 may be 
dimerization, reaction with each other, or reaction with a methyl radical. 

The above mechanism leads to an activation energy for reaction [I] of 
6.8 kcal. per mole. The best line through all points has been found by the 
method of least squares to be 13 + log kl/k2) = 4.76 - (1178/T). If P 2  is 
assumed to be unity, the steric factor, P I ,  is 1.2 X 

REFERENCE 

I. REBBERT, R. E. and STEACIE, E. W. R. Can. J. Chem. 31: 631. 1953. 
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THE HYDROLYSIS OF THE CONDENSED PHOSPHATES 
I. SODIUM PYROPHOSPHATE AND SODIUM TRIPHOSPHATE1 

ABSTRACT 

The rates of hydrolysis of sodium pyrophosphate and triphosphate in solution 
have been measured a t  65.S0C. over the pH range 2.0 to 12.0 and the phosphorus 
concentration range 0.10 to 0.25 atomic weights per liter. The reactions were 
found to  be first order providing a constant concentration of hydrogen ion was 
maintained in the reaction flask. Both reactions are acid catalyzed but only the 
hydrolysis of triphosphate was found to be base catalyzed. Pyrophosphate and 
triphosphate apparently hydrolyze independently of each other. 

INTRODUCTION 

The  hyclrolysis of condensed phosphates is of interest commercially because 
the complexing properties of these materials are not possessed by the ultimate 
reversion product, orthophosphate. I t  is not surprising then that  many 
workers have investigated the hydrolysis of sodium pyrophosphate and tri- 
phosphate. T h e  value of the work, however, is frequently diminished by the 
failure to  control the hydrogen ion concentration during the course of the  
reaction (the 11,ldrolysis p r o d ~ ~ c e s  weaker acids resulting in an increase in pH), 
and because good analytical p roced~~res  were not available. 

The  inadequacies of analytical methods for phosphates are not so apparent 
in the studies of the hydrolysis of pyrophosphate since pyrophosphate reverts 
directly to  orthophosphate, and or t l~opl~osphate  can be determined in the  
presence of other phosphates. By such a procedure Green (3) and NIuus (6) 
investigated the hydrolysis of pyrophosphate. 

When the investigations of the hydrolysis of triphosphate are examined, 
however, it becomes very obvious tha t  these studies have been handicapped 
by poor analytical procedures. The  fact tha t  one mole of triphosphate anion 
reverts to  one mole of pyrophosphate and one mole of orthophosphate anion 
was established by Bell ( I )  a s  recently as  1947. Bell (1) employed an analytical 
method (2) which he had developed and which permitted the direct deter- 
mination of triphosphate. However, most workers studied the hydrolysis of 
the triphosphate anion indirectly. Thus  Green (3) followed the course of the  
reaction by measuring the amount of orthophosphate formed. Morgan and 
Swoope (5) could not measure directly the triphosphate, and thus could not 
study effectively the hydrolysis of com~nercial sodium 'tetraphosphate'. 
Similarly Watzel (8) could not directly determine the triphosphate. 

T h e  analytical method (9) used by the authors permits a clirect determina- 
tion of each component with adequate accuracy and provides qualitative as  
well a s  quantitative information on the system. 

T h e  s tudy of the hydrolysis of pyrophosphate and triphosphate has also been 
complicated by the failure to recognize the importance of the hydrogen ion 

1 A.latzzrscript received Septcnzber 28, 1955. 
Cotrtribzrtion fronz the Department of Chonistry, Ontario Research Fozrndation, Torotrto, 

Ontario. 
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concentration. Even when the initial hydrogen ion concentration and its 
subsequent changes are measured (the procedure followed by Muus(G)), the 
worker must deal with the additional variable, the hydrogen ion concentration. 
Green (3) avoided this by measuring the rate of reaction a t  a series of hydrogen 
ion concentrations. From his da ta  the dependence of the rate of hydrolysis 
on the hydrogen ion and phosphate ion concentration could be evaluated. In 
the present investigation the experimental design was similar to  that  of Green 
(3). However, a more efficient analytical procedure (9) was employed and the 
effect of the hydrogen ion concentration was investigated over a wider 
range. 

T h e  preparation of pure sodium triphosphate is very difficult, and in the 
present investigation a commercial grade was used. T h e  sodium pyrophosphate 
used was initially believed to be pure. When the analytical procedure was 
improved, however, it was found that  one per cent of the phosphorus was 
present as  orthophosphate. 

A stock solution of sodium pyrophosphate (0.245 atomic weights phos- 
phorus per liter) was used in the experiments. This  concentration was selected 
because it was suitable for the analysis. 

T h e  sodium triphosphate was 87.3 mole per cent sodium triphosphate and 
12.7 mole per cent sodium pyrophosphate. T h e  concentration of the stock 
solution used was 0.190 atomic weights phosphorus per liter-this value being 
suitable for analysis. 

Procedure 
Samples (100 ml.) prepared from the stock phosphate solutions were placed 

in a long narrow tube fitted with a stirring rod and a reflux condenser. T h e  
solutions were heated by suspending the tube in a water bath maintained a t  
65.5 & O.l°C. This temperature was selected so tha t  the experimental results 
could be coinpared with Green's (3) results obtained a t  150°F. Since the p H  
values of sodium pyrophosphate and triphosphate solutions are approximately 
9.5, and since their rates of hydrolysis in this region are very small, it was 
assumed tha t  the solutions did not undergo reversion while they were being 
heated to 65.5OC. T o  adjust the  phosphate solution approxi~nately to the 
desired pH value, either 10 N sulphuric acid or sodiiim hydroxide pellets was 
added. T h e  time a t  which either was added was considered to be the time a t  
which the hydrolysis reaction began. T h e  pH was finally adjusted and main- 
tained within &0.1 units of the desired value by  adding known volumes of 
N/lO ammonium hydroxide and N/lO sulphuric acid. T h e  pH values were 
measured with a glass electrode and a Leeds and Northrup pH meter (Cat. 
No. 7663) which had a sensitivity of 0.02 pH units. After each pH measure- 
ment the sample was returned to the reaction flask. A t  measured time intervals 
samples were withdrawn and spotted on the filter paper chromatogram within 
one minute. Further hydrolysis during the analysis was negligible. 
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Analysis 
The analyses were made using a procedure (9) developed in this laboratory. 

This method involves the separation of the phosphate components by filter 
paper chromatography and the subsequent colorimetric determination of the 
phosphorus content of each component. The accuracy of the method is an 
absolute figure f 1.0%. 

Data 
The hydrolysis of sodium pyrophosphate in solution was studied a t  65.5"C. 

over the pH range 2.0 to 10.8. At pH 2.0, the solution concentrations were 
0.082, 0.123, and 0.245 atomic weights phosphorus per liter. In the remainder 
of the experiments the solution concentration was 0.245 atomic weights 
phosphorus per liter. The con~positions of these solutions, after various time 
periods, are given in Table I. 

TABLE I 
HYDROLYSIS OF PYROPHOSPHATE 

I I I I I 
% Distribution of phosphor~~s k 

Concentration Reaction 
pH (moles phosphorus time P y ro- rate con- 

per liter1 (1ni1.) 1 

Similarly the hydrolysis of sodium triphosphate in solution was studied a t  
65.5"C. over the pH range 2.0 to 12.0. At pH 2.0, the solution coilcentrations 
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were 0.190 and 0.0951 atomic weights phosphorus per liter. In  the remainder 
of the experiments the solution concentration was 0.0951 atomic weights 
phosphorus per liter. T h e  compositiorls of these solutions after various time 
periods are given in Table 11. 

TABLE I1 
HYDROLYSIS OF TRIPHOSPIIATE 

I I I I I 

Ca2culations 

When the da ta  in Tables I an 
for a first order reaction, the rat  

pH 

I1 were substituted in the general equation 
constants (calculated for each hydrogen ion 

0 n u r ~ o n . s  MTA 

X CRECN'S DATA 

n UTHOR'S  AND CRCCM'S Darn 

FIG. 2. 

0 2 4 G 8 1 0 1 2 1 4  

Concentra- yo Distribution of phosphorus 
tion (moles Reaction phosphor us^ time Tri- 1 Pym- Ortho- 

per liter) (min.) phosphate phosphate phosphate 

FIG. 1. Effect of pH on rate of hydrolysis of s o d i ~ ~ n ~  pyrophosphate in solution. 
FIG. 2. Effect of pH on rate of hydrolysis of sodium triphosphate in solution. 

k 
(First order 

rate constant) 
( m n )  

Average 
k 

(min.-I) 
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concentration studied) were found to be constant within the esperimental 
accuracy, even when the initial phosphorus concentration was varied. The 
values of these rate constants, for the hydrolysis of pyrophosphate and tri- 
phosphate, are included in Tables I and I1 respectively. Figs. 1 and 2 are the 
curves obtained by plotting the first order rate constants, for pyrophosphate 
and tr i~hosphate solutions respectively, against the pH of the solutions. 

DISCUSSION 

Order of Reaction 
The above results are in agreement with Muus' (6) theory that the hydroly- 

sis of the pyrophosphate anion is a first order reaction a t  constant hydrogen 
ion concentration. Muus (6) was unable to establish this theory experimentally 
since he did not maintain a constant hydrogen ion concentration in his experi- 
mental work, and only studied the reaction over the pH range 0.91 to 1.3, 
but he deduced the concept from his results. 

On the other hand, Green (3) found that the first order rate constants for 
the hydrolysis of the triphosphate anion depended upon its initial concentra- 
tion. Green's (3) first order rate constants for a 0.00570 sodium triphosphate 
solution are included in Fig. 2. The concentration of the sodium triphosphate 
solution, which we studied, was 1.17y0. Different analytical procedures were 
used, and Green (3) determined the rate of reaction by the amount of ortho- 
phosphate formed. Under these circumstances, the agreement between the 
two sets of data  is quite acceptable. However, Green (3) found that the rate 
constants which he determined for a 0.000570 sodium triphosphate solution 
disagreed with those determined for the 0.005% solution. Possibly in very 
dilute solutions the reaction may not be first order with respect to the tri- 
phosphate concentration, but certainly it  appears to be so over the concen- 
tration range 0.005 to 1.17%. 

In conclusion, the results indicate that the hydrolysis of triphosphate anion 
or pyrophosphate anion is first order a t  constant hydrogen ion concentration 
over the pH range 2.0 to 12.0. 

A cid-Base Catalysis 
An examination of Figs. 1 and 2 indicates that the hydrolyses of pyrophos- 

phate and triphosphate in solution are both acid catalyzed while only the 
triphosphate hydrolysis is base catalyzed over the pH range studied. Tri- 
phosphate solutions are most stable in the pH range 9 to 10, and this finding 
is in accordance with Watzel's (8) results. Van Wazer, Griffith, and McCul- 
lough (7) have suggested that this apl~arent base catalysis of triphosphate is 
due to the formation of complexes with sodium ion. The discussion of the effect 
of the hydrogen ion concentration on the hydrolysis of pyrophosphate solu- 
tions has been reserved for a second paper by McGilvery and Crowther (4). 

Hydrolysis  of Solzltions Containing Both Pyrophosphate and Triphosphate 
Anions 

Whether or not triphosphate and pyrophosphate hydrolyze illdependently 
of each other can be ascertained from an examination of the course of hydroly- 
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sis of sodium triphosphate and the corresponding first order rate constailts for 
pyrophosphate and triphosphate. That  is, the proportion of pyrophosphate 
was measured a t  various times as the hydrolysis of triphosphate solutions 
proceeded, and this proportion can be calculated from the followi~lg relation- 
ship if pyrophosphate and triphosphate hydrolyze independently: 

where P is the percentage phosphorus as pyropllosphate a t  time t 
b is the initial percentage phosphorus as pyrophosphate 
x is the percentage phosphorus as triphosphate which has decomposecl 

a t  tirne t 
a is the initial percentage phosphorus as triphosphate 

kI is the first order rate constant for the hydrolysis of triphosphate 
anion a t  a specified hydrogen ion concentration 

k 2  is the first order rate constant for the hydrolysis of pyrophosphate 
anion a t  the same hydrogen ion concentratio11 

The calculated and nleasurecl percentages of phosphorus as pyrophosphate are 
shown in Table 111. These values are in satisfactory agreement indicating that 
pyrophosphate and triphosphate hydrolyze independently. 

TABLE 111 
TEST OF IXDEPENDENCE OF TIIE HYDROLYSIS OF TRIPHOSPHATE AXD PYROPHOSPHATE 

I I I 

1 70 Phosphorus as  
pH I<e;::~i 1 pyrophosphate 

(measured) 

yo Phosphorus as  
pyrophosphate 

(calculated) 
-- 

- 
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NOTE 

MONO- AND DIPOTASSIUM AMINOMETHIONATE 

In 1895, von Pechmann and Manck (3) isolated monopotassiuln amino- 
methionate ( I )  and dipotassium aminomethionate (11) from the solution which 
resulted on addition of crystalline potassium cyanide to a potassium bisulphite 
solution. When prepared according to the directions given by these workers (3) 
monopotassiuln aminoinethionate was obtained in yields of approximately 
40y0 rather than the 58-72% range claimed, and a more reliable method of 
preparation was sought. 

Recently, Arnold and Perry (1, 2) have patented a process for the prepara- 
tion of sodium and potassium salts of anlinomethionic acid. In their method, 
a solution of an alkali-metal cyanide is added to an alkali-metal bisulphite 
solution a t  40 to 45OC. over a prolonged period, with addition of sulphur 
dioxide to neutralize the alkalinity developed by the reaction and to precipi- 
tate the salts a t  the conclusion of the process. Arnold and Perry (1, 2) obtained 
a 30% yield of the disubstituted salts or a 40% yield of the monosubstituted 
salts, and found that the yield of the latter increased to 80% on addition of 
fresh cyanide to the liquor after the monosubstituted salt was removed. 

Not wishing to resort to a recycling operation for laboratory preparation 
we have modified Arnold and Perry's (1, 2) method by (i) using more concen- 
trated bisulphite solutions (3.5 molar), (ii) increasing the reaction tempera- 
ture to 55-80°C., (iii) holding the pH of the solution a t  7.85 during heating, 
and (iv) precipitating monopotassium anlinomethionate a t  pH 2.5. These 
modifications have increased the yield of monopotassiuin aminomethionate to  
68.0% and shortened the reaction time from 12 hr. to  35 min. 

Dipotassium aminomethionate was prepared in 68.5y0 yield simply by neut- 
ralization of the monopotassium salt with potassiuln hydroxide in aqueous 
solution. 

EXPERIMENTAL 

ilfonopotassium Aminomethionate 
A 400-rill. Berzelius beaker was equipped with glass and calomel electrodes, 

a thermometer, mechanical stirrer, burette, and fritted-glass gas disperser 

Prese?lt address: Defence Researcl~ Clzemical Laboratories, Ottawa, Ontario. 
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connected to a sulphur dioxide cylinder. A potassium bisulphite - sulphite 
solution was prepared from 14.6 gm. (equivalent to 0.125 mole I<HS03) of 
potassium metabisulphite, 93.9 gm. (0.581 mole) of potassium sulphite and 
140 ml. of water, and placed in the reaction vessel. The burette was filled with 
a solution of 23.2 gm. (0.349 mole) of potassium cyanide in 35 ml. of water. 
The bisulphite - sulphite solution was heated to 55OC.; sin~ultaneous addition 
of cyanide solution and sulphur dioxide was begun and continued in order to 
maintain the pH a t  7.85, while the temperature was raised a t  a rate of approxi- 
mately 1°C. per minute until a maximum of 80°C. was reached (20 rnin.). 
At this point all the cyanide solution had been added but addition of sulphur 
dioxide was continued for a further 15 rnin. a t  80°C. tb hold the pH a t  7.85. 
The solution was cooled to 20°C. over a period of 20 rnin. and acidified to 
pH 2.50 by addition of sulphur dioxide. After standing for 30 inin. a t  10°C. 
the precipitated salts were collected on a fritted-glass funnel by suction 
filtration and washed with two 100-ml. portions of water to remove coprecipi- 
tated potassium bisulphite. The  colorless n~icrocrystalline powder was air- 
dried yielding 54.4 gm. (68.0%) of pure moilopotassi~1m aminoinethionate. 

Dipotassium Aminomethionate 
Monopotassium amino~nethionate, 45.8 gm. (0.200 mole) was suspended in 

100 ml. of water and the mechanically stirred suspension treated with 10% 
potassium hydroxide solution until a clear solution was obtained. The  pH of 
the solution was adjusted to 8.00 by addition of concentrated hydrochloric 
acid. The solution was filtered, diluted to a volume of 300 ml., and allowed to 
stand a t  O°C. for 12 hr. The colorless crystals of dipotassium aminoinethionate 
monohydrate which separated were collected by suction-filtration and weighed 
39.0 gm. (68.5%) after air-drying. 

We wish to gratefully acknowledge the award of a National Research 
Council Studentship to one of us (R.A.B.B.) and financial assistance from the 
Defence Research Board of Canada. 

1. ARNOLD, M. H. M. and PERRY, W. E. Brit. Patent No. 583, 164. Dec. 11, 194G. Abstracted 
in  Chem. Abstracts, 41: 3481c. 1947. 

2. ARNOLD, M. H. M. ~ ~ ~ P E R R Y ,  W. E. U.S. Patent No. 2,471,018. May 24, 1949. Abstracted 
in Chern. Abstracts, 43: 62191~. 1949. 

3. VON PECHMANN, H. and MANCK, P. Ber. 28: 2374. 1805. 

RECEIVED SEPTEMBER 30, 1953. 
DEPARTMENT OF CHE~IISTRE., 
MCGILL UNIVERSITY, 
MONTREAL, P.Q. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Canadian Journa l  o f  C h e m i s t r y  

VOLUME 3'1 F E B R U A R Y .  1954 NUMBER 3 

VISCOSITY AND MOLECULAR WEIGHT OF 
DEGRADED CARRAGEENINL 

\'iscosities and 11~11nber average molecular weights of various carrageer~in 
preparations, including thermally and photochemically degraded samples, have 
been measured. Aqueous solutions of carrageenin of low molecular weight are 
shown to exhibit viscosity characteristics which are entirely similar to those of 
other natural and synthetic polyelectrolytes. Solutions of carrageenin of high 
~nolecular weight exhibit plastic flow. The relationship between viscosity and 
molecular weight for the degraded polymer indicates that the molecular configura- 
tion in solt~tion is that of a fairly stiff rod, even in the presence of salts. 

INTRODUCTION 

Carrageenin, the water-soluble polysaccharide obtained from the red 
alga Chondrus crispus, is of importance co~nmercially as a geIling and 
suspending agent. The useful properties of this substance are undoubtedly 
due, in part, to the high viscosities which its solutions possess. Chemically, 
the polymer consists largely of D-galactose residues linked through positions 
1 and 3 and carrying a negatively charged sulphate group on position 4. 
Solutions of carrageenin should therefore exhibit physical properties similar 
to those of other natural and synthetic polyelectrolytes. 

In the course of an investigation of the kinetics of the degradation of 
carrageenin (9), the viscosities of various preparations in aqueous solution 
have been measured both in the presence and absence of salts. These measure- 
ments, along with corresponding molecular weight determinations, are 
described below. 

Details regarding the extraction of the carrageenin used in this study are 
given elsewhere (9). The sodium salt, prepared by means of ion-exchange 
techniques (g), was used in all experiments. 

For most of the viscosity measurements Ostwald viscometers of similar 
dimensions were employed. The characteristics of these viscometers were as  
follo\vs: capillarj. diameter 0.0515 cm.; volume of bulbs approx. 2 lnl.; flow 
tintes ior water 75 to 90 sec.; mean shear gradient for water 1100 to 1300 
sec. -1;  kinetic energy correction less than 1%. The  temperature of measure- 

.Ifaa,tzrscripf rcceizred October 8, 1953. 
Contribzltion frorrr the Maritime Regiottal Laboratory, National Researclt Council, Hal(fas. 

hl.S., Cnlradn. Zsszred ns N. R.C. No. 5145. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



52 C'.A .XrAUIA N JOURNAL OF CHEIIISI 'RY. I.OL. j Z  

ment was 25 f O.l0C. A few experiments were also performed using a com- 
mercial Stormer viscometer (A. H. Thomas Co.) equipped with a cylindrical 
rotor. 

NIolecular weights were rletermined osn~otically a t  25OC. using 0.1 114 
soclium chloride as solvent. The osmometer used here has been described 
elsewhere (10). Cellophane, grade P.T. 600 (kindly supplied by Canadian 
Industries Ltd.,  Montreal) was used as membrane. To  avoid 'sticlting' of 
the liquids in the osmometer capillaries, toluene was introduced into the 
capillaries after filling the osmometer cells, and the osmotic pressures were 
recorded as a head of this solvent using a cathetoineter. A preservative 
consisting of a mixture of 1 part chlorobenzene plus 1 part dichloroethane 
plus 2 parts chlorobutane was added in sinall amounts to both solution and 
solvent. Osmotic equilibrium was generally attained overnight. 

In the osmotic pressure measurements, a slight 'cell constant' or 'cell 
zero' was often observed with solvent in both half-cells, and corrections were 
applied for this effect. The cell constant was generally zero when a fresh 
membrane was used, or when solutions of high molecular weight polyiner were 
measured. On prolonged use of the same membrane, however, or when cle- 
graded polymers of low molecular weight were employed, a sinall cell 
constant did develop.* If the necessary correction became greater than 0.05 
cm., the membrane was discarded. 

Concentrations were determined by weight, known portions of the solutions 
being evaporated to constant weight in an oven a t  55OC. Further heating 
in vacuo a t  this temperature in a n  apparatus similar to that described by 
Grassie (7) did not lead to a significant decrease in weight of the residual 
polymer. Dilutions of highly viscous solutions were made by weight. 

RESULTS 

Fig. 1 shows the results of viscosity measurements on a relatively lo\\, 
molecular weight sample of carrageenin ( A t  = 120,000) in three solvents. 
In aqueous solution, the reduced specific viscosity o,,,/c increases markedly 
with dilution. In the presence of a very low concentration of added salt 
(0.000231 M sodium bisulphate) the plot of osp/c against c passes through a 
maximum a t  a carrageenin concentration of approximately 0.03 g111. per 100 
cc. At higher salt concentrations (0.1 n/f sodium chloride) the plot becomes 
linear. 

These curves are entirely similar to those observed for other polyelectro- 
lytes (4) and may be interpreted in terms of changes in molecular shape 
resulting from changes in the degree of ionization of the macromolecule. 
In dilute aqueous solution the moleculebecomes rigidly extended as a result 
of the repulsive forces between neighboring charged groups, and the reduced 
viscosity increases accordingly. By analogy with the results of Fuoss and 
Strauss (4), the maximum observed in Fig. 1 a t  a low salt concentration 

*These observations are zn accordance with the idea that the cause of the cell constatit zs adsorption 
of polytner molecules on the membrane. I t  has rccenlly bern shown (S.  Kothman, A.  Schwebel, and 
S .  G. Weissberg. J.  Polymer Sci. 11: 381. 1953) that such adsorptio?~ does, in fact, fake 
place on  cellodion menzbranes by radioactive dc.zfran. 
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FIG. 1. ?,,/c vs. 
A 0.1 $1 NaCI. 

c for extract D in various solvents. water; A 

should occur when the concentration of sodium ions from the polyelectrolyte 
is of the same order of magnitude as  the concentration of cations from the 

112 

FIG. 2(a). 1 / (z  - D) vs. c% for various polymers in aqueous solution. Polymer of Rose 
and Cook. 
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FIG. 2(b). 1/(z - D) vs. c* for two polytners in aqueous solutio~~. 

added salt. Assi~ining complete ionization of the salt, this implies that car- 
rageenin is approximately 40% ionized a t  a concentration of 0.03 gm. per 
100 cc. in this solvent. 

The viscosities of aqueous solutions of carrageenin of low molecular weight 
may be adequately represented by the Fuoss (2 ,  3 )  equation 

111 oSD/c = z  = A / ( l  + B c f )  + D ,  

where A,  B ,  and D are constants. This equation has been shown to represent 
the viscosity behavior of a wide variety of polyelectrolytes. Figs. 2 ( a )  and 2(b)  
show plots of l / ( z  - D )  against ct for various samples of carrageenin. In- 
cluded in Fig. 2(a)  are points calculated from the experimental viscosity- 
conce~ltration curve published by Rose and Cook (12)  for an aqueous solution 
sf a carrageen extract. Linear plots are obtained for all the polymers. 

The  samples designated FA, FB, and FC in these figures were prepared 
from the parent material F by heating a 1% solution, buffered a t  pH 7.0, 
a t  90°C. for 14.3, 38.6, and 141.1 hr. respectively. The polymers were then 
precipitated with ethanol, washed with freshl). distilled ether, and dried 
in vacuo. Solutions of these polymers were dialyzed under pressure to remove 
any low molecular-weight products of degradation before the viscosity and 
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>I.-ISSOIV AND CAINES:  CARRAGEENIN - - 
J:) 

molecular weight n~easurements were perfor~ned. -4s show11 elsewhcrc (g),  
the sulphate content of the dialjrzed polymer increases slightly (from 25.8% 
to 31 .iyO) as a result of this degradation. 

Sample Dl was a pl~otochen~ically degraded preparation, obtained 11y 
irradiating a lY0 solution of extract D for 57 min. by means of a mel-cul-y 
resonance lamp immersed in the solution. Nitrogen was passed through the 
solution during this treatment to prevent possible photo-oxidation reactions. 
The polyrner was precipitated with ethanol and s o d i ~ ~ m  chloride, and dried 
as l~efore. The solution of the degraded polymer was passed through ion- 
exchange colun~ns before use, but was not dialyzed. 'l'he sulphate content 
of the degraded polymer was 25.7%. 

'The values of the constants A ,  B, and D in equation [ I ]  have bee11 cleter- 
mined for the polymers represented in Figs. 2(a) and 2(h). 'The slopes of the 
lines give the value of B/A for each polymer. The intercepts a t  ct = 0 give the 
values of ] /A. On account of the extremely sn~al l  intercepts in Fig. 2(a),  
r:he values of A (and hence also of B) could not be determined directly for the 
pol~.mers of highest molecular weight. For poly~ners FC and I l l ,  however, 
measurable intercepts were obtained, from which values of B equal to 63 
(f 10) and 71 (* 7) respectively were calculated. The fact that the value 
of B remains constant, within experimental error, for these two polymers is 
in accordance with the idea (3) that this constant is an electrostatic term whose 
value depends on the charge density along the polymer chain and is inde- 
pendent of molecular weight. Taking a mean value of B = 07, the values of 
A shown in Table I have been calculated for all the polymers. Included in 
this table are the values of D (obtained by extrapolating plots of q,,,/c against- 
c-! to c-: = 0) and, where measured, the intrinsic viscosities of the polymers 
in ilf/30 sodium phosphate buffer a t  pH 7.0. In this solvent, plots of q,,/c 

against c were linear. 

'I-ABLE I 
VISCOSI IY  COKST.4NTS A N D  hIOLECULAR WEIGHTS 01: VARIOUS CARKAGI.,ISNIN I 'RI~~l 'ARAIIONS 

D 
RC" 
F 
F.\ 
FB 
FC 

- 

"Poly~ner of Rose and Cook. 

1'01 ymer 

.- 

The results of the osmotic pressure measurements are shown in Fig. 3 
where the reduced osmotic pressure a / c  (a in cm. water) is plotted against 
concentration c (in gm. per 100 cc. solution). Molecular weights were cal- 
culated from the intercepts a t  zero concentration using the relationship 

[?I 
in 1Vf/30 

phosphate 
b ~ t f f e r  

(pH 7.0) 

D 

- 

B/.4 

------ 

I O s m o t i c  
A / molecular 

- --- -- .. - - 

\veig-h t 

- 
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FIG. 3. x / c  vs. c for various polymers i n  0.1 ill  XaC1 solution at  25°C. 

(s/c),, = 10330 R T / M .  T h e  values of &I are given in Table I. The  molecular 
weight of fraction D l  was so low that some diffusion of polymer through the 
membrane occurred, as  witnessed by a slow downward drift in the osmotic 
pressure on standing. T h e  approximate value of 9000 listed for the molecular 
weight of this fraction was obtained by using a dilute solution in the osmo- 
meter and extrapolating the osmotic pressure values back to the time of 
filling the osmometer. 

DISCUSSIOh 

On account of the low molecular weights observed, all the polymers des- 
cribed above must be considered as  having been degraded to some extent. 
Degradation can occur either during extraction of the polymer from the 
seaweed ( l l ) ,  or upon subsequent storage of the  solid extract (5). Both of 
these factors are believed to be responsible for the low molecular weights 
of extracts D and F. T h e  molecular weight may also depend on the time of 
storage of the dried seaweed before extraction, although da ta  are not yet 
available to test this point. Certain extracts of fresh seaweed have been 
found (S) to have an  osmotic molecular weight of the order of 2 X lo6, which 
is a t  the limit of the range of osmometric techniques. 

For the low molecular weight extracts described above, viscosity measure- 
ments in the Stormer viscometer have shown tha t  the solutions exhibit 
Kewtonian flow, a t  least in the range of concentration and shear rate stucliecl. 
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AIASSON A N D  CAZNES: CARRAGEENIN 57 

This is illustrated in Fig. 4(n)  where t,he ra te  of rotation of the  cylinder is 
plotted against the driving weight for various concentrations of extract F. 
The  curves are essentially linear through the origin, characteristic of a New- 
tonian fluid. For an  extract of higher viscosity, however, the curves shown in 
Fig. 4(b )  were found. A 'yield point' is observed for these solutions, indicating 
tha t  the flow is structual in nature, the  curves being characteristic of a 'plastic' 
substance. Measurenlents in capillary viscometers a t  different rates of shear 
(6) confirm this behavior. 

DR<vlNG W E I G H T  ( G M . )  

FIG. 4. Stormer viscosities. Rate of rotation of inner cylinder VS. drivi~lg weight for vari- 
011s concentratio~~s of polymer. (a) Extract F (25'C.); ( b )  Estract -4. (0°C.). 

From the da ta  in Table I an approximate value can be obtained for the 
constant a in the modified Staudinger equation = IiAlcv relating the in- 
trinsic viscosity to the molecular weight. Unfortunately, the intrinsic viscosity 
of extract F in M/30 buffer was measured about two months after the other 
measurements had been performed. Subsequent measurenlents showed tha t  
degradation of the  extract had taken place during storage, so that  the viscosity 
and molecular weight values for this polymer are not exactly comparable. 
On the basis of the three measurements for the thermally degraded polymers, 
an approximate value of a = 1.28 is obtained. 

111 assigning this value of a, the assumption is made tha t  the samples have 
the same degree of polydisperity. Since these samples were prepared from the 
same parent material, and since, as shown else~irhere (9), the degradation 
proceeds mainly by a random process under the  conditions employed, this 
assumption is probably justified. T h e  high value of a should therefore have 
some significance, and indicates that ,  even in the presence of salt, the degraded 
carrageenin molecules exist in solution as fairly stiff rods. Since it is unlikely 
tha t  this rigidity is due to  the presence of ionized groups in the molecule 
a t  the salt concentration employed, the result must be interpreted in terms 
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of restr ic ted ro ta t ion  a t  the glycosidic l inkage,  a n d ,  possibly, an i lnbranchet l  

configurat ion for  t h e  degraded  f ragments .  A similar  conclusion concerning- 

t h e  s t r u c t u r e  of carrageenin o i  ~ n o d e r a t e l y  low mo1ecula1- weight  h a s  been 

reached b y  o t h e r  workers  ( 1 ) .  
According t o  ec l i~a t ion  [ I ] ,  the q u a n t i t y  ( A  + D )  should be t h e  va lue  of the  

intr insic  viscosity of the  polyelectrolyte  in a q u e o u s  solut ion.  S ince  t h e  p o l y m e r  

molecules will be e v e n  m o r e  r igidly ex tended  in a q u e o u s  solut ion t h a n  in 

t h e  presence of salts, subst i t i l t ion of ( A  + D)  for  [11] in  the Staudingel-  eqila- 

3.5 1 I I I I 1  
4.0 1.5 2.0 2.5 3.0 

- LOG (A+D)  

FIG. 5. L og ( A  + D) 1;s. log Af for degraded carrageenin. 

t ion  should resul t  in  a n  e v e n  higher  va lue  of a. Fig. 5 shows  t h e  plot  of log 
( A  + D )  vs.  log dl fo r  all the  po lymers ,  f r o m  which  a v a l u e  of a = 1.58 is 
o b t a i n e d ,  in a g r e e m e n t  w i t h  this consicleration. 
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CYCLIC THIOUREAS1 

.IBSTRACT 

1-/3-HydrosyethyIi111idazolidine-2-thio1e was prepared from l-amino-5- 
hydrosy-3-azapentane and carbon disulphide. Since its properties difler from 
those claimed by Sergeyev and Kolychev (7) for this compound prepared fro111 
ethylene oside and thiocyanic acid, its structure was conlirmecl by conversion 
to  l-B-hydrosyethyl-2-be1~zy1a1nino-2-in~idazoine. The latter compound was 
prepared for comparison from the icilown 1-/3-hydro\yeth~~l-2-nitramino-2- 
imidazoline. 

Hofmann (4) found that ethj~lenediamine combined with carbon disulphide 
to give an intermecliate addition product, which, on being boiled with water, 
evolved hydrogen sulphide to give ethylene urea. This intermediate was 
considered to be a dithiocarba~nic acid inner salt ( I ) .  Later Yakubovich 

and Iilimova (9) proved this assumption to be correct b!~ obtaining compound 
I1 from the treatment of the addition product I with alkali and ethy1chlo1-o- 

lormate. On the other hand G ~ l d e ~ r i n g  (3) found that two mole eqiiivalents 
of K-phenyltrimethylenediamine combined with one mole of carbon disulphide. 
This \\;as also observed (2) with N-p-tolyltri~llethylenediamine. I n  the present 
studies 1,3-dianlinobutane with carbon disulphide gave an inner salt analogous 
to that obtained by Hofmann with ethylenedia~nine. This inner salt was 
converted by thermal decon~position into 4-methyl-hexahydropyrimidine-2- 
thione in good yield. Also 1-amino-5-hydroxy-3-azapentane was observed to 
combine with carbon disulphide to yield a solid addition product. This 
intermediate when heated in the drjr state evolved hydrogen sulphide to 
give a new product. This new co~npound melted a t  136.5-137.5OC. and gave 
analytical values in good agreement with the expected I-P-hydroxyethyl- 
imidazolidine-2-tl~ione (111). However, Sergeyev and I<olychev (7) previously 
had claimed to have prepared this compound from ethylene oxide and thio- 
cyanic acid. Their product melted a t  168.5OC. with decomposition. Because 
of this discrepancy in melting points it was considered necessary to confirm 

-1fa~tlr~cript  rrcerved October 21, 1953. 
Co?ztrlblrtlon frotrr DeJelace Resenrclr Cltt,nzicnl Laborntortes, Otla?on, Otllar~o. Issz~rd ns D IZ.C.L. 

12eport ,\'o. 136. 
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the identity of the compound prepared from 1-amino-5-llydroxp-3-azapentane 
and carbon disulphide. 

I - 0 - H ydroxyethylin~idazolidine - 2 - thione was converted to 1 -P- hydroxy- 
ethyl-2-methylmercapto-2-in~idazolinium iodide with methyl iodide. 

The  iodide (IV) on treatment with benzylamine by the method of Aspinall 
and Bianco ( I )  gave the hydrogen iodide salt of  1-P-hydroxyethyl-2-benzyl- 
amino-2-imidazoline (V) which was isolated as  its picrate. T h e  same conl- 
pound (Vl)  was obtained from the known l-P-hpdroxyethyl-2-nitramino-2- 
imidazoline (VII) (5) and benzylamine. The  identity of these two products was 
established by a mixed melting point determination. T h e  structure of 1-P- 
hydroxyethyl-2-nitramino-2-inlidazoline was established previously (5,G) by 
nitration and hydrolysis to  1-P-nitroxyethyl-3-nitro-2-iinidazolidone which 
was prepared also by the nitration of the known 1-6-hydroxyethyl-2-imida- 
zolidone (6,s).  These chemical reactions confirm the assignment of structure 
111 to the cyclic thiourea from the reaction between aminoethylethanolamine 
and carbon disulphide. 

EXPERIMENTAL? 

4-Adef1~yl-1~exahydropyrimic1ine-2-tltione 

A solution of 8.8 gm. (0.1 mole) of 1,3-dianlinobutane in 50 cc. of 95% 
ethanol was added dropwise to a solution of 25 cc. of carbon disulphide in 
50 cc. of ethanol. During the addition period the temperature was held 
below 40°C. with an ice-salt bath. T h e  reaction nlixture was allowed to 
stand a t  rooill temperature overnight in an open Erlenmeyer. A t  this time the 
viscous white oil had solidified, yield 12.65 gm. (77.2%). One gram of this 
r-aininobutyldithiocarbaniic acid inner salt was p~~rif ied by solution in 
aqueous ammonia. On slow evaporation of ammoilia froill the solution white 
crystals separated. These crystals decomposed from 125-160°C. leaving a 

All meltittg points were deterittined on  n KoJLer block. il6icroatzalyses were perjornied by 
~Lficro-Tech Lnboralories, Skokie, Illinois. 
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hlciid Y AMD L".I VASOUR: CYCLIC THZOUREAS (j 1 

residue which then melted a t  175-178°C. Calc. for C5H1"N2SY: C ,  36.57; 
H ,  7.32; N ,  17.06; S ,  39.02y0. Found: C,  36.8G; H ,  7.55; N, 17.00; S ,  38.72%,. 

The remaining inner salt (11.65 gm., 0.088 mole) was placed in an El-len- 
Ineyer and heated in an oil-bath a t  130-145°C. until the evolution of hydrogen 
sulphide ceasecl. The tan residue was crystallized from ethanol using charcoal 
for decolorizing the product, yield 8 gm. (87.4%). The melting point of 182- 
183°C. was increased to  183-184.5"C. after one further crystallization from 
ethanol. Calc. for C5Hl0N2S: C ,  46.15; H,  7.69; N, 21.52; S. 24.62%. Found: 
C, 46.35; H ,  7.85; N ,  21.88; S ,  25.02%. 

1 -P-Hydroxyethylimidazolidine-2-thione 

1-Amino-5-hydroxy-3-azapentane (40.0 gm., 0.38 mole) in 9596 ethanol 
(100 cc.) was aclded dropwise with stirring into a solution of 100 cc. of carbon 
clisulphide in 100 cc. of 95% ethanol. During the addition period, which 
recluired 30 min., the temperature was held below 15°C. The stirring was 
continued for one half hour after the addition period after which the solid 
was recovered by filtration, yield 67.0 gnz. (96.9% based on for~nation of 
inner salt). This solid was heated in an  oil bath a t  145 f 5°C. until the 
evolution of hydrogen sulphide had ceased. The residue was crystallized 
from ethanol (250 cc.) to give 46.0 gm. (86.3% yield fro111 inner salt) 
of crystals which melted a t  136.5-137.S0C. Calc. for C5HlON20S: C,  41.10: 
H ,  6.85; N,  19.16;S, 21.93%. Found: C,  41.34; H ,  6.49; N ,  19.16;S, 22.30%. 

1 -p- Ilydroxyethyl-2-methylrnercapfo-2-imidazolinium Iodide 
-4 mixture of 1-P-hydroxyethylimidazolidine-2-thione (14.6 gm., 0.1 mole) 

and methyl iodide (15.6 gm., 0.11 mole) in 50 cc. of absolute methanol was 
shaken a t  room temperature for 40 min., after which all the solid had dissolved. 
While the vigorous shaking was continued 200 cc. of anhydrous ether was 
added gradually. A dense white precipitate (m.p. 119-120°C.) was formed, 
yield 27.3 gm. (%yo). This product was brought to  a constant melting point 
of 120-121°C. after one crystallization from absolute ethanol (3.9 cc./gm.). 
However purification was unnecessary for further chemical reactions. Calc. 
for C6HI3IN20S: C, 25.01; H ,  4.55; I ,  44.10%. Founcl: C,  25.35; H ,  4.67: 
I ,  43.63. 

1 -P-JIydroxyethyl-2-nitramino-2-imidazoline 

1-~-Hydroxyethyl-2-nitran1ino-2-imidazoline (m.p. 131.5-132°C.) was pre- 
pared in 39y0 yield as previously de.scribec1 (5). 

1 -p-Hydroxyethyl-2-benzylamino-2-imidazoline 

Method A 
l-~-Hydroxyethyl-2-1nethy11nercapto-2-i1nidazolini~1n ioclide (2.5 gm., 

0.0087 mole) and benzylamine (1.8 gm., 0.017 mole) were dissolved in 25 cc. 
water and allowed to stand overnight. The mixture then was heated on a 
steam bath for one hour after which it was taken to dryness. The residual 
oil gave no picrate or picrolonate under the usual conditions. This oil was 
reclissolved in 25 cc. water and this solution shaken for one hour with 1.0 
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gm. (0.0044 molc) of silver oxide. After filtration to remove silver salts, the 
solution was taken to dryness in VUCZLO. The oil was dissolvecl in 25 cc. of 
water, filtered, and the filtrate treated with 200 cc. of 1 %  aqueous picric 
acicl solution. i2 crystalline picrate (1n.p. 120.5-122.5"C.) was obtained in 
G4.8yo yield (2.48 gm.). One cr?:stallization from absolute alcohol (25 cc.) 
gave 2.1 gm. of crystalline picrate with a constant melting point of124-125°C. 
Calc. for C18H2oKsOa: C, 48.21 ; H ,  4.50; N ,  IS.74%. I;ound: (:,4S.54: H ,  4.26; 
S, 18.78%. 

ilfethod B 
One gram (0.0057 moIe) of l-~-h~~drox~~etl1yl-2-nitran~ino-2-imiclazoline 

and 8 cc. of benzylamine were reHuxed for one ho~ l r  in an apparatus protected 
irom carbon dioxicle. The excess benzylarnine was distillecl off ~rnder water 
pump vacuum at  100°C. 'I'he resiclual light yellow oil was dissolved in 30 cc. 
of 50% aqueous ethanol. One half of this soi~ltion was treated 1vit11 200 cc., 
of lYO aqueous picric acid solution. The  crucle picrate rnelted a t  118-122OC., 
J-ield 0.93 gm. ('72.4y0). Two crystallizations from ethanol raised the melting 
point to 124-125OC. This melting point was not depressed 011 a d m i x t ~ ~ r e  
with the picrate of I-~-l~~~clrox~~etl1~~l-2-benz~~lamino-2-imitlazoline prepared 
above b>: Methocl A. 

r .  I he aut1101-s wish to t ha~~ l ;  Mr. G. I,. Rutherford for skillful technical 
assistance. 
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EFFECT OF FLUCTUATIONS OF FREE RADICAL 
CONCENTRATIONS ON THE CALCULATION OF 

RELATIVE RATE CONSTANTSL 

ABS'I'RAC'I' ?. 1 he effect of fluct~lations in free radical concentrations on the values of relative 
reaction rate constants calculated from steady state expressions has been e\-alu- 
ated for a number of idealized model cases, representative of various conditions 
usually encountered in esperiments. 

In man)- instances the concentration of free radicals or atoms participating 
in chemical reactions cannot be determined and it is then only possible to 
evaluate relative rate constants for two or more reactions competing for the 
same radical or atom. For mathematical simplicity calculations of the relative 
rate constants are as a rule carried out on the assumption of stationary con- 
centrations of the free radicals or atoms involved. Time fluctuations, however, 
are usually inevitable and, as has been pointed o ~ l t  by Szwarc (8), introduce 
an error in the calculated relative rate constant wh'en one of the two com- 
peting reactions is first order while the other is second order in the free radical. 
There may be some uncertainty (8,4) about the extent to which tlie error 
may affect the calculated values of rate constants and activation energies. 
In view of this, we have attempted to  obtain more detailed information than 
IS possible by mere inspection about the magnitude of this error, as well as of 
the similar error caused by concentration gradients. 

Since, in general, the variation with time of the free radical concentration 
is not known, the treatment comprises a number of idealized model cases, 
believed to be sufficiently representative of various conditions usually en- 
countered in experiments to allow an estimation of the magnitude of the 
effect. 

Most of tlie systems for which relative rate data  have been obtained in 
recent years are embraced by the following general reaction scheme, applicable 
also for radicals produced by other than photochemical methods: 

where m = 1 or 2 and X is a free radical, the concentration of which will be 

.llanz~script received March 26, 1953. 
Contribr~tion from the Divisions of ilpplird ntrd Pzrrc Cherrr~stry, :\'afional Keseclrck Cor~?rc-il, 

Ottawa, Canada. Issired as N.R.C. No. 5145. 
Presezt address: Departmtnt of Chcrnislry and Chdnlical En,oineeri,lg, lirriversrty ({I' 

California, Berkeley 4 ,  California, U.S.A. 
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clenoted by x. The relative rate constant of lieaction ( I ) ,  k1/k21, is usually 
calculated from the lnean rates of formation of M and N (SM and I?,, respec- 
tively), and, lieglecting concentration gradients, can be expressed in the form 

The effect of time fluctuations is, therefore, as was pointed out by Szwarc (S), 
that S> l .  

We have considered the effect on the value of 6 of the time fluctuations of the 
following types: (a) steady drift in x, (b) sporadic fluctuations, (c) intermittent 
illun~ination; and of concentration gradients due to: (i) removal of radicals on 
the wall and (ii) nonuniform light absorption. 

Steady Drift in tlze Free Radical Concentration 
A drift in the free radical concentration may result, for example, froin a 

gradual decline in the amount of light absorbed. The inaximum and the 
minimum values of x will be denoted by xo and xi respectively, so that  x = 

xo(l. - yt), and 0 ,< yt ,< 1. On integration it  is found that 

where a = (xo - xi)/xo, and 0 ,< a ,< 1. The values of 6, for different values 
of a are shown in Fig. 1. The maximum value of 6, is 1.15. 

0 . 2  . 4  .6  . B  1.0 

a 
FIG. 1. Variation i n  the correction factor with relative fluctuation (a). 

Sporadic Flz~ctuafions 

Sporadic fluctuations may result from technical imperfections in the control 
of experimental conditions, which are frequently unavoidable. These fluctua- 
tions can be expected to be for the most part relatively slow, and the 
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Iollo\ving model case chosen for nlatheinatical simplicity, is probably acle- 
cl~late to give an iclea of their possible importance. 

T h e  reaction time is divided illto a large numbcr of equal intervals and 
during each intei-val x  is assumed to  be constant, but in general varies from 
one interval to another. T h e  variation in x  is confinecl to  a range between a 
n~aximurn ( xo )  and a minimum value (x,).  I t  is further assumed that ,  \vitllin 
this range, x  can assume with equal probability any  of ( n  + I )  equally spaced 
discrete values. If a = ( xo  - x i ) /xo ,  i t  is found tha t  

For large n Equation [3] reduces to  the case of a steady drift. When both 
a and n are unity, 6 b  becomes 4 2 ,  which is its maximum value. Usually, 
however, a will be considerably smaller than unity and, consequently, 
will in general be close to  unity. 

Intermittent Illumination 

T h e  theory of the effect of intermittent illumination on the rate of a chain 
propagation step, has been extensively treated (1,2,3,5,7). T h e  present 
problem is related to, though it differs in some respects from, the ones treated 
by Briers and Chapman ( 1 )  and by Rice (7). A simplified case, when x  des- 
cribes a linear and symmetrical zigzag curve, should provide a good first 
approximation (6,) for relat~vely fast light interruptions when the light 
and dark intervals are of equal duration. If, as before, the maximum and 
the minimum values of x  are xo and xi, respectively, and a = ( xo  - x , ) j  
x0, it is found, that  6 ,  also is given by Equation [2] and is, therefore, entirely 
determined by the relative fluctuation a. Determination of xo and xi, however, 
requires a more elaborate treatment in which i t  is assumed that ,  during light 
intervals +I, = const. and in dark intervals +I,  = 0, so that  the light pulses 
are rectangular. Only the case when the light and the dark intervals are of equal 
duration ( p l  = pd = p )  need be considered. I t  is assumed tha t  xo and x; 
immediately attain steady values, which is justifiable for the usual experi- 
mental reaction times. 

I t  is convenient t o  express the value of x  a t  any  instant as a fraction ( y )  
of the stationary value ( x , )  corresponding to steady illumination, so tha t  
y  = x/x,.  Introducing the notations 

and 
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it is found that 

where 6, = R,/K~.X,~~ ancl 6,, = R,/K~(EI)x,. In general 6, >, 3, 6, ,< 3 and 6 
lies between unity (for vel-5. fast light interruptions) and 4 2  (for slow light 
interruptions). 
, . 
I he variation of the quantities of interest with duration of light and dark 

intervals is illustrated for the case when t = 126.5 by calculations given in  
'l'able I and presented graphically in Fig. 2. (The calculatecl quantities arc 

TABLE I 
EFFECT OF VARI.ATIOS OF h 

Example / t I h 1 yo 1 yi 6, / 6, 1 6 1 6, 
pp --- -- 

1 126.5 Large . 5  . 5  1.414 I .  155 
2 1.0000 .OD029 ,5069 ,4999 1.395 1.155 
3 1 :' I t 4  1 : . 0 0 W ~ 0 . 0 3 0 9 1  5 4 8 2  ,49921 1.2891 1.138 

FIG. 2. Variation i n  the correction factors in  the case of intermittent illu~nination 
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C I ' E ~ A I Y O I ~ I ~  AND FlrIIITTLE: R.4 TE COIVSTANTS 67 

indicatecl in Fig. 2 by circles.) The  case corresponds, for example, to the  
following set of values: 61, = lOI5 quanta/cc. sec., (B) = 10'~molec~1le/cc .  
((H')  = (B") = . . . = O ) ,  k2 = 10-lU and kl = 10-Ii cc./molec~~le sec., with p 
varying from 4 X 10-I to 4 X The  quantities chosen are of magnitudes 
which may be encountered in experiments. T h e  limiting values for h+ a , irres- 
pective of the value of E ,  ilre yo = 1, yi = 0, bhl = 3, 6, = 3, 6 = (2)B. When 
p-0, 6 = I ,  and for this pal-ticular case, yo = y ;  = 6,, = .705, 6, = .497. If a 
60 cycle a.c. is used for the excitation of the light source, the corresponding 
duration of the light and dark intervals can be taken as P I  = p,, = 4 X 10-3 
sec., which for the above set of values teads to  h = 4 X lo-?. In this case 
6 = 1.071, so tha t  an error of 7% is introduced when meall rates are used 
to calculate kl/k2* and 110 fluctuation in the radical concentration is taken 
into account. 

The value of k2 usually shows only slight or no temperat~ire dependence. 
The  value of kl, on the other hand, may show a very pronounced temperat~ire 
dependence. I t  is, therefore, important to  see how the values of 6 are affected 
by the variation in kl, the other relevant quantities being kept constant. 
Table I1 gives calculations for the above set of d a t a  with fi = 4 X sec. 
and kl varying from to  10-Is cc./molec~ile sec. 

TABLE I1  
F:I:I:I<C.I. 01: VARIAI.ION OF kl  (WITH +I, = 1015, (B) = 10le, (Bf)  = (B") = . . . = 0 

k2 = 10-lo, P = 4 X units: molecule (quanta), cc., sec.). 

The last columns in 'Tables I and I1 give the values of 6, calculated from 
Equation [2]. I t  is seen that  6, is a good approximation for small values of p 
and not too large values of kl. 

The  various model cases considered show tha t  the effect of fluctuations 
in radical concentration on the ca lc~~la ted  relative rate constant increases in 
general with increasing magnitude of the fluctuations relative to the average 
radical concentration. However, i t  is evident tha t  sporadic fluctuations or 
drifts in the radical concentration under the usual experimental conditions 
will not affect the value of the relative rate constant to  any appreciable extent. 
Thus, such fluctuations to the extent of as m ~ ~ c h  as  40% cause a11 error in 
kl/kzi which is not greater than one per cent. Even under the most ~ ~ n f a v o r -  
able experimental conditions the errors which may occur are not particularly 
great. In a similar manner, the use of GO cycle a.c. for excitation of the light 
source will normally introduce an  error of a few per cent only. The error 
increases for greater kl(B),  and can be estimated to  the approximation of 
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rectangular light pulses. The  case of rectangular pitlses is Inore i~nfavorable 
than the actual conditions with a sinusoidal alternating current, ancl, there- 
fore, provides an upper limit of the  error. 

The  error in the activation energy ( 6 E )  obtai~lecl from the values of the 
rate constants a t  two tenlperatures is given by 

where 6T1 and 6 T 2  are the values of the correction factor 6 a t  the temperatiire 
T I  and Tq  respectively. Evidently, the value of 6E  will be largely influenced 
by the value of (T1 - T 2 ) .  For temperature ranges of the order of 100°, the 
sporadic fluctuatioils and drifts in radical concentrations encountered under 
irsual experimental conditions are unlikely to  iiltroduce an appreciable error 
in the calculated value of the activation energy. Sporadic fluctuations, such 
as  may be caused, for example, b y  instability of the light source, are likely 
to introduce similar errors a t  the two temperatures and, consequently, not 
affect the activation energy. Drifts in the radical concentration would have 
to be very pronounced and different a t  the two tenlperatures in order to affect 
appreciably the activation energy. In the cases where pronounced drifts 
with time are encountered, the relative extent of the drift can be estimated 
from the drift in R ,  and the error introduced by it can be evaluated from 
Equation [2] .  Both in the case of sporadic fluctuations and drifts in the  
radical concentration the sign of 6 ,  is determined by the relative magnitudes 
of 6 T L  and 6 T ,  and is not predictable u prior;. I t  is, therefore, evident tha t  the 
suggestion that ,  since in many instances the extent to which the reaction is 
allowed to proceed is greater a t  higher temperatures, the estimated activation 
energy will be slightly lower than its true value, cannot be expected to hold 
in general, except in the case of a very pronounced increase in the relative 
fluctuation a t  the higher temperature. 

In  the  case of intermittent illumination, since k? is usually temperature 
independent and kl becomes greater with increasing temperature, a reference 
to Table 11 shows tha t  the value of 6  will usually be greater a t  higher tempera- 
ture, provided +I,, (B) ,  and p remain unchanged, so tha t  6 E  is positive. 
When kl is much smaller than k2, k l  will vary appreciably with temperature, 
but, on the other hand, the value of 6  is only slightly affected and 6 E  is small. 
As kl approaches kz the effect of its variation on 6  becomes more pronounced 
but a t  the same time its temperature coefficient is reduced and for experi- 
mental convenience smaller concentrations of B are usually employed, so tha t  
the total efTect may still remain relatively small. As a n  illustration we may  
consider two hypothetical cases, with +I,  = 1015, (B) = 10IB, (B') = (B") = 

. . . = 0, kz = 10-lo, p = 4 X lod3 (the units as  given previously). Also it 
is assumed that  zl = 10-lo and that  zl and kz are temperature independent. 
Case 1: At  400°1<., kl = 10-17, a t  500°1<., kl = 10-I$ and,  therefore, E = 9.15 
kcal./mole and the steric factor s = lo-?. T h e  values of 6  for this case are 
given in Table 11, examples 2 and 3 respectively, and it is found that 6 E  = 

.07 kcal./mole. Case 2: At  400°1<., kl = lo-'" a t  500°K., kl = 10-15, and, 
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C I ' E T A N O I ~ I ~  AND IVIIITTLE: IIAl'E CONSTANTS 69 

therefore, E = 9.15 kcal./mole and s = 10-I. The respective values of 6 are 
given by exanlples 3 and 4 in Table 11, ancl, in this case 6,  = .55 kcal.jmole. 
I t  should, however, be borne in mind that the treatment presented here is 
strictly correct for the case of rectangular light pulses only. When sinusoiclal 
a.c. is used for excitation of the light source, the maximum possible limits of 
error can be evaluated rather than the error itself. 

The   nod el cases considered .are evidently highly idealized. They are, 
however, sufficiently representative of the types ~ ~ s u a l l y  occurring in experi- 
ments to give an insight into the magnitude of the effects which can be 
expected. I t  is lilcely that in most cases the real conditions are much more 
favorable and the errors due to time fluctuations will normally be very small. 
More serious errors may arise, under certain circumstances, from space 
variations in the radical concentration. Such variations may be caused 
by a rapid consumption of free radicals 011 the reaction vessel walls or by 
a high extinction coefficient. The general effect is again that 6 >, 1. 

In order to evaluate the inagnitude of the wall effect Noyes (6) has developed 
a mathematical solution of the diffusion equation, subject to certain simplifica- 
tions. The solution is valid for a spherical distribution of the radical, with 
+I, constant throughout the reaction vessel, and when the radical concen- 
tration is not affected by the first order homogeneous reaction or convection 
currents. I t  should, however, be applicable, a s  a first approximation, to the 
reaction scheme considered here and to a cylindrical reaction vessel of dimen- 
sions usually en~ployed in vapor phase photolysis. 'If n = (m+I,/2k2)f, 
b = 1 . 1 5 ( m + 1 , 2 k ~ / ~ ~ ) ~ ,  and R is the radius of the reaction vessel, Noyes 
finds that  for bR > 5.7, x = a[l  - exp ( -  b(R - r ) ) ] ,  i f  all radicals striking 
the wall are consunled. In the region of validity of this expression, it is 
found then that 6 = (1 - 1.5/bR) */( l  - l/bR) or, to a good approximation, 
6 = (1 + 0.25/bR). In view of the underlying assumptions .this value of 6 
should represent an approximate upper limit. Thus, a t  a total pressure of 
100 mm. the diffusion coefficient (D) may be of the order of 1.5 ~ m . ~ / s e c . ,  
m+I, 10" to 1015 quanta/cc. sec., 2k2 10-lo cc./molecule sec., and R 2 to 5 
cm. For R = 4 cm. 6 < 1.02 when m+I, = lo1" and 6 < 1.01 when 
VZ+I,  = loL3. 

When wall effects, time fluctuations, and convection currents can be 
neglected, and if s = 8 m+k2q(A)Io/(A/p)2 and /3 = q(A)L, the correction 
factor 6 for the decreasing x along the length of the vessel (of total length L) 
due to an appreciable extinction coefficient (q) is 

In the limiting case when k2 << A/$, 6 = ($P) $[ (e~  + l)/(eD - l ) ]  f and when 
k2 >> Alp, 6 = (;/3/2) $[(eBl2 + 1)/(eBp2 - I)]$. The limiting curves and the 
curves for s = 1, 10, 100 are plotted against (1 - e-') in Fig. 3. For s 
= 6 already practically coincides with curve I (Fig. 3),  which gives 
an upper limit of the error. The error remains s~nal l  to quite appreciable 
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FRACTION OF LIGHT ABSORBED: (I-Q*) 

FIG. 3. Variation in the correction factor with the fraction of light absorbed. 

absorptions and in actual experiments is further decreased bj- convection 
currents. 

I t  is evident that while concentration gradients may under certain con- 
ditions have a serious effect, in many instances the limits of the errors can be 
evaluated and the experimental conditions adjusted so that the errors remain 
verjr smalI. Such conditions do prevail in many experimental determina- 
tions of relative rate constants. 
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TEMPERATURE COEFFICIENTS FOR SELF-DIFFUSION 
IN SOLUTION1 

Coefficients of self-diff~~sion have been measi~red lor aqueous solutions of 
sodium dihydrogen phosphates from 1 molar to lo-' molar and a t  temperatures 
of l5 ,25,  35, and 45°C. The activation energy of self-diffusion has been calculated 
for various concentrations. I t  decreases from 5.4 kcal./mole a t  0.9 ilt to -1.3 
kcal./mole. a t  inlinite dilution. 

IN'I'RODUCTION 

Self-diffusion has been described as "the diffusion of something into its 
exact counterpart" (13), and in the past few years isotopic tracers have often 
been used in studies of self-diffusion. While isotopes are obviously not exactly 
alike, the isotope effect in diffusion studies in solution is often small. For 
example, Adamson, Cobble, and Nielsen (I.) found no detectable difference in 
the rates of diffusion of Na2? and Nat4 ions in aqueous solutions of sodium 
chloride. 

Various methods for measuring self-diffusion using tracer techniques have 
been developed. 'The diaphragm cell technique developed by McBain and 
Dawson (10) has been used extensively, and more recently Mysels and 
Stigter (11) have developed a method involving two fritted glass diaphragms. 
Anderson and Saddington developed a capillary cell method for studying 
self-diffusion in solution (2,4). 

The capillary cell method was used in the present work for the determination 
of temperature coefficients for self-diffusion in aqueous solutions of sodium 
dihydrogen phosphate. 

The equation for the diffusion coefficient for the capillary cell method is 

4~~ 
D = -7 (In 8 / a2  - In R)  

a t  

where D is the diffusion coefficient, L is the length of the capillary, t is the 
time, and R is the ratio of the activity (activity is used here in the sense of 
radioactivity) in the cell after diffusion to  that in the cell before diffusion (4). 

Various equations have been used to  relate the diffusion coefficient to the 
temperature. One such equation is that of Stokes-Einstein: 

where k is the Boltz~nann constant, T is the absolute temperature, 7 is the 
viscosity, and r is the radius of the diffusing particle. Another equation 
frequently used is 

~Vfanuscript received Oclober 5,  1953. 
Conlribulion frotit Deparltne71l of CIzcrnistry, U?tioersity of Suskalchcwa?~, Suskutoott, Sask. 
Paper i s  based on (L tliesis writtetr it1 partial fzrlfillmenl of lhe reqxirer~~ents for Lhe deyree of 

,Ifns!er of Arts ,  h i v e r s i t y  of Snskalchewa~r, Suskaloon. 
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[3 I D = Ae-E"'RT 

where A is a constant, R is the gas constant, T is the absolute temperature, 
and ED is the activation energy for self-diffusion. 

T h e  activation energy can be calculated from equation [3] and also from 
viscosity da ta  (14) using equation [-I]. 

'CV'lng and co-workers (14, 15, 19) have published a .series of papers on 
"Self-diffusion and structure of liquicl water." They used the capillary cell 
method and calculated the activation energy for self-diffusion in liquid water 
from a plot of log D vs. 1 /T .  I11 another series of papers in which activation 
energies for self-cliffusion were calculated from conductance data  (lG, 18, 17),  
Wang showed that  diffusion data ,  viscosity data ,  and concluctance data  
sl~oulcl yield the same activation energy. 

Graupner and Winter (6) measured the self-diffusion coefficients for water, 
benzene, brornoethane, and ethanol using the diaphragm cell method and 
calculated activation energies for self-diffusion in each liquid. 

Partington, Hudson, and ' ~ a ~ n a l l  (12) determined self-diffusion coefficients 
and activation energies for self-cliffusion for water and several aliphatic 
alcohols using the diaphragm cell method. 

Hoffnlan ( 7 )  has determined the activation energy for self-diffusion in 
liquid mercury using the capillary cell method. 

Table I lists the values froin the literature cited, for the activation energy 
for self-diffusion calculated from diffusion da ta  and from viscosity data.  

TABLE I 
.ACTIVATION ENERGIES FOR SEI.F-DIFFUSION 

Ref. No. Ion or rnolccule I ED I E ,  ( , . l e~ilperature range, "C. 

- -  - - - .  - 
DDO and HH0I8 
D DO I 3.93 
H2POT (m dilution) 
Methanol 1 2.77 
~ t h a n o l -  
Ethanol 
n-Propanol 
n- Propanol 
11-Butanol 
t-Butanol 
Benzene 
Brornoethane 

7 Mercury 

The  object of the present work was to determine self-diffusion coefficients 
for the H2PO; ion in aqueous solutions of sodium dihydrogen phosphate a t  
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different coilcentrations and a t  different tenlperatures. The value of the 
activation energy for self-diffusion of H2P0 i  determined in the present work 
is included in Table I for purposes of comparison. 

EXPERIMENTAL 

&faterials and il.fethod.7 

Capillary cells about 3 cm. long and 0.1 cm. in diameter were made from 
glass capillary tubing of uniform bore. The uniformity of the bore was deter- 
mined by accurately measuring the length of a mercury threacl a t  overlapping 
intervals along the capillary tube. For a mercury thread of average length, 
2.499 cm., the standard deviation of the length was 0.003 cm., indicating that 
the tubing was quite uniform (standard deviation in the radius is 0.07%). 
The cells contained 0.0250 ml. of solution when full. 

The capillary cells were mounted vertically in a lucite holder (for details 
see (4, 8). The bottom ends of the capillaries were sealed. Three cells were 
used in each experiment. The cells were filled with radioactive solution of 
1;nolvn concentration and then gently immersed in an inactive solution of the 
same concentration. The experiments were carried out a t  constant temperature. 
The time of diffusion, from two to six days, was measured to the nearest 
minute. 

At the end of the diffusion period the cells were emptied and rinsed onto 
aluminum dishes and the solution evaporated to dryness. Five 0.0250 ml. 
samples of the undiffused radioactive solution were prepared as standards for 
each experiment. Fine pipettes were used to fill and empty the cells. The  
samples were analyzed for radioactivity using an end window Geiger-Mueller 
counter. The ratio of the activity of the diffused sample to the activity of the 
standard sample is equal to R in equation [I]. The  experimental method for 
determining the self-diffusion coefficients was described in detail by Burke11 
and Spinks ( 3 ) .  

The diffusion apparatus was completely immersed in a constant temperature 
water bath. Measurements of temperature variation indicated that the 
temperature along the diffusion path did not fluctuate by more than 0.02"C. 
Experiments were carried out a t  15,25,35,  and 45°C. 

Analyzed reagent grade NaH2P04.H20 and distilled water were used to 
prepare a series of solutions of concentrations froin 1 to lo-' molar. 

P32 in the form of PO: in aqueous solution was obtained from the Atomic 
Energy Project a t  Chalk River. The  radiochemical purity of the P32 was 
established by its half-life, 14.3 days, and its half-thickness, 117 c m . / ~ m . ~  
The P32 solution was analyzed for PO: and 1 ml. of sglution containing origin- 
ally 1 mc. of P32 was found to contain 28 ingm. of phosphorus. Radioactive, 
solutions were prepared by adding sufficient radioactive phosphate to the 
inactive solution to give the 0.025 ml. standard sample an activity of about 
2000 counts per minute. The weight of phosphorus introduced with the P32 
was thus negligible even for the most dilute solution used (lo-"). 

All counting measurements were made with an end window Geiger-Mueller 
counter. Background corrections and resolving time corrections were applied 
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to all the measurements. Since the same weight ol material was present in all 
the samples counted for individual experiments, and constant end-on geometry 
was maintained, and since only the ratio of the activities was ~ ~ s e d  in the 
calculations, no corrections for back-scatter and self-alxorption were necessar).. 

Viscosi ty  Measurements  
The viscosities of the sodium dihydrogen phosphate solutions were cleter- 

mined using an Ostwald viscometer. The results are plotted in Fig. 1 .  (The 

15.C. 

JCE. -I--\ 
C : MOLES N.%P04/UTEA 

FIG. 1. Plot of fluidity (l/rl) vs. log C for sodium dihydrogen phosphate solutions. 

necessary densities a t  15, 35, and 45°C. were determined, using the pykno- 
meter method (S).) The  densities of the solutions a t  25OC. were obtained from 
Mason and Culvern (9). 

pf1 Ilfeu,surements 
Measurements of pH on the sodium dihydrogen phosphate solutions were 

made using a Beckman pH meter. In solution, the HZPO; ion dissociates, 
HzPO; H+ + HPOa, and it was of interest to know which ion was present 
in larger amount. 

The ratio, X, of concentrations of the ions present is given by 

where Kz is the second ionization constant for phosphoric acid. Calculations 
from the pH measurements indicated that above 0.005 molar the diffusion 
measured was essentially that of the H2POi ion, while below 0.005 molar, 
both ions contributed appreciably (See Table 11). 

E f e c t  of S t irr ing 
One of the boundary conditions for the capillary cell method of determining 

diffusion coefficients was that the concentration of tracer a t  the upper end 
of the capillary be zero a t  all times during the experiment. To  determine 
whether this condition was being fulfilled, the outer inactive solution was 
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'T.I\RLE I1 
I ~ E T E R ~ ~ I N A T I O N S  OF pH FOR SODlUhf DlIIYDROGES PHOSI'RATIC 

so~v.r!oh;s AND VALUES OF X = (I-IIPO;)/(HPO;) 
- 

stirred a t  60 r.p.m. The diffusion coefficients obtained in these experiments 
wei-c the same, within the expected standard deviation, as those obtained in 
parallel runs without stirring. 

ef fect  of Immersion 

The immersion error due to the lowerirlg of the capillary cells into the 
inactive solution was estimated in diffusion experiments in which the time of 
diffusion was about one minute. The loss of activity by the cells in this opera- 
tion was less than 0.5y0. Thus, the actual irnillersion error in R was probably 
less than 0.5%. 

RESULTS 

mean diffusion coefficients are plotted against the log of the concentra- 
Fig. 2. (Each point is the mean value of five cletel-minations.) 

1 40 - 
0 

- - 

C = VOLES Y4U2POa I LITER 

FIG. 2. Plot of D .10%s. log C for sodium dihydrogen phosphate solutions. 

For concentrations between 10-I and lop4 molar NaHnP04 the variation 
of D with log C was found to be linear. The best fitting straight line for the 
data a t  each temperature was determined by the inethod of least squares. 
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SD is the standard error of the estimate. 
For 15"C., D.1O6 = 5.60 - 0.301 log C ;  SD = 0.11. 
For 25"C., D.106 = 7.22 - 0.412 log C ;  SD = 0.10. 
For 35"C., D.106 = 10.14 - 0.450 log C ;  SD = 0.15. 
For 45"C., D.106 = 12.49 - 0.492 log C ;  SD = 0.26. 
For the 25°C. curve, the results of Burke11 (3) and the results obtained in the 
present work were used. The clilfusion coefficient a t  infinite dilution was 
obtained by extrapolating the curves in the plot D vs. d C  (Fig. 3). 

0 0. I 0.2 0.3 

c" = (MOLTS N+PO.I UTERI@ 

FIG. 3. Plot of D .lo6 vs. dC for sodium dihydrogen phosphate solutions. 

In order to obtain activation energies for self-diffusion, log D was plotted 
against l / T  for various concentrations (Fig. 4) and the best fitting straight 

FIG. 4.. Plot of log ( D  .lo6) vs. ( l /T) .lo3 for sodium dihydrogen phosphate solutiorls 
m Dilution A 0.01 molar 
0.0001 ~llolar + 0.1 molar 
0 0.001 molar V 0.926 molar 
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lines determinecl using the method of least squares. The values of ED were 
calculatecl from: ED = - 2.3R (d(log D/d( l /T) ) .  The slopes of the lines are 
recorded in Table I11 together with the activation energies calculated fro111 
viscosity data using the equation: 

'TABLE 1 1 1  
ACTIVA.I.ION ENERGIES  FOR SEI.F-DIFFUSION I N  AQUEOUS SOLUTIONS 01: S O D I U ~ I  D ~ F I ' D R ~ G E X  

PNOSPH.AT& 

Concentration ' - d log D ED - d 1% (I/?) 
(rnoIes/~iter) 1 1 (~crl . /mole.)  ( ~ ( L / T )  1 (kcal3nolej 

0.926 
0 . 1  
0 .01 
0.001 
0.0001 
a Dilution 

The plot of activation energ\- from diffusion data, ED vs. log C is given in 
Fig. 5. 

C I MOLES HaH2P04/ UTER 

FIG. 5 .  Plot of ED vs. log C. 

DISCUSSION 

From Table I11 it is seen that,  for solutions of inoderate concentration, 
the activation energy of self-diffusion for the HaPOa ion is about 4.8 kcal./n~ole 
and that it decreases somewhat with increasing clilution. The extrapolated 
value for infinite dilution is 4.3 kcal./mole, not very different from the value 
for HH0I8(4.4 kcal./mole, Table I) .  The fact that the activation energy for 
the dilute solution of H2PO; is close to that  for water is not surprising in 
view of the fact that ions are commonly hydrated in aqueous solution. I t  
has been suggested that the activation energy for the diffusion of water is d i ~ e  
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to the breakil~g of the hydrogen boncl lor which the approximate energy is 
4.5 l;cal./mole (5). 
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METHYL ETHYL KETONE IN THE PHOTOLYSIS OF ACETONE 
VAPORL 

By niass speclrorr~etric analyses, niethyl ethyl ketone was determined as a 
product of the photolysis of acetone between 100 and 284°C. According to the 
post~~la ted mechanisni, ~iiethyl ethyl ketor~e together with methane and e t h a ~ ~ e  
accounted for approsirnately 05y0 of the methyl radicals procluced. 

INTRODUCTION 

I t  is no\v accepted that  the mechanism for the photolj-sis oi  acetone vapor 
between 100°C. and 250°C. is (6,7) 

Reaction [I] was shown to proceed with a quantum yielcl oi ~ in i ty  in this 
temperature range (4). 'The kinetics of reactions [2] ancl [3] have been in- 
vestigated (3,G,'i) in some detail. Methyl ethyl ketone was identifecl as a 
product but  was not st~tdied quantitatively (1). Icetene was also found a t  
temperatures above 200°C., presumably resulting from the decomposition of 
acetonyl radicals (2) 

Considering reaction [I] as the only source of methyl radicals, it car] be 
seen from the results of Trotman-Dickenson and Steacie (7) that  reactions 
[2] and [3] account for from 70 to 100yG of the methyl radicals produced, the 
percentage depending on temperature and concentration. Tl~erefore, the  
inclusion of reaction [4] should account for all the methyl radicals, and the 
material balance 

where R,,,, is the rate of production of ethane etc., should be equal to  2 
~ ~ n d e r  all conditions in this temperature range. If reaction [GI is significant, 
then the above ratio should increase with temperature above 200°C. 

The  purpose of this work was to  study the material balances in the acetone 
photolysis when methyl ethyl ketone is included. I t  serves as  the basis of an 
investigation of the kinetics of addition of methyl radicals to unsaiuratecl 
hydrocarbons, the loss of methyl radicals I)? acldition being related to  a 
clecrease in the material balance. 

d f a ~ t ~ ~ ~ c r i p 1  recelved Oclober 15, 1953. 
Conlribulio?~ f r o ~ r ~  lke Division of Pure Clre~nislry, ~Vat io i~a l  Re.searc11 Co~rt~cil of Cat~adn,  

Ollarua. Canada. Issued as N.R.C. No. 31L9. 
? !\;nlio,~al Research Cozrncil of canad; Posldoctoralr Fr.llolel 1.9,51-<5S. 
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The reaction cell consisted of a cylindrical quartz vessel with plane polished 
ends and 195 cc. in volunle, 10 cln. long, and 5 cm. in diameter. I t  was kept 
in an aluminurn block furnace which had a quartz window a t  each end. Three 
thermocouples were fastened to different points on the cell. Two tubes ex- 
tendecl from the cell through the furnace, one serving as a colcl finger and the 
other connected to a stopcocli located one inch from the top of the furnace. 
The total volume of the cell and connecting tube was 205 cc. 

The analytical system consisted of two traps, a modified LVard still (5), 
a sinall mercury diffusion pump, a coillbination gas burette,and Toepler pump, 
and a copper oxide tube heated to  240°C., all in series. The cell, analytical 
system, and reagent reservoirs were suitably connected to a two-stage mercury 
diffusion puinp. 

A Hanovia S-100 lamp served as  the light source and proved to be fairly 
constant over long periods of use. The light was collimated by a stop and a 
series of lenses, thereby filling over goy0 of the cell and, for greater efficiency, 
was reflected back by an aluminum mirror 011 the rear window of the furnace. 
The light was filtered with a Corning No. 98G3 filter. Different light intensities 
were obtained by adding neutral density iilters. In a few experiments the 
full arc was used. 

The acetone was Merck Reagent Grade. I t  was dried over "Drierite", 
degassed by bulb to bulb distillation, and separated from the system by a 
mercury cutoff. 

For an experiment, acetone was introduced into the cell to the desired 
pressure. After condensing in the cold finger and punlping to remove any 
traces of noncondensible gases, the acetone was photolysed to about seven 
per cent decomposition. 

The products of main interest were carbon monoxide, methane, ethane, 
and methyl ethyl ketone. Methane and carbon monoxide were separated 
a t  -196°C. and the carbon monoxide was combusted and separated in the 
copper oxide tube. Ethane was separated a t  -175OC. and various samples 
were analyzed with the mass spectrometer. The remainder, consisting mainly 
of acetone, was collected into 150 cc. sample bulbs and analyzed for methyl 
ethyl ketone with the mass spectrometer. 

The analyses for methyl ethyl ketone were based on the height of peak 72. 
Two synthetic samples containing amounts of acetone used in most experi- 
ments and 2.5 and l.Oyo methyl ethyl ketone were subjected to the same 
procedure as after photolysis. Mass spectroscopic analyses of these gave 
2.2 and 0.85y0 nmethyl ethyl ketone respectively. and therefore all the results 
for methyl ethyl ketone, obtained by this method, are reported 15% higher 
than those obtained in the analyses. 

Since it is possible that some of the heavier methyl ethyl ketone was ab- 
sorbed by the stopcock grease in the apparatus and in the sample bulbs, i t  
was felt necessary to check on the validity of applying the 15y0 correction 
factor. The apparatus was altered so that  the methyl ethyl ketone would 
not be in contact with stopcock grease except for a short time when introduced 
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into the mass spectroineter. Mercury cutoffs were appropriately installed t-o 
isolate the cell (volume of connecting t~lbing = 37 cc.) analytical system and 
gas burette. The acetone and methyl ethyl ketone mixtures were measurecl 
in a known volunle which was connected with a Inercury cutoff also serving 
as a manometer, and then collected in sample bulbs equipped with brealiseals. 
iVIass spectroscopic analyses of two synthetic samples (prepared ~incler stop- 
cock grease free conditions) containing 0.37 and 0.71y0 inethyl ethyl lietone 
gave here 0.36 and 0.72% respectively. Obviously, with this pnocedure the 
mass spectroscopic results for methyl ethyl ketone may be ~isecl unambig~iously. 

The results of experiinents done a t  three different acetone concentrations 
and a t  various temperatures are given in Table I. Inclucled also, a t  184OC. is 

TABLE I 
PRODUCTS OF PHOTOLTSIS OF ACETONE 

Mean 'acetone conc.-1.76 X 1 0 +  M./cc. 

Mean acetone conc.-3.56 X A{./cc. 

*Stopcock-grease free system. 

Mean acetone conc.-.88 X Jl./cc. 

the effect of variation of light intensity, seen from the rates of carbon monoxide 
production. Quantum yields of methyl ethyl ketone production are calculated 
on the assumption of a quantum yield of unity for carbon monoxide production. 

0.15 
0.2 
0.3 

138 5160 
184 1 7200 
240 7200 

1.76 
1.62 
1.49 

2.66 
2 10 
0.90 

1.91 
1.82 
1.86 

3.29 
3.39 
3.18 

0.47 
1.29 
2.94 

0 . 5  
0.7 
1.2 
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I t  can be seen trom the material balances obtai~~ecl in the stopcock grease 
free system that the application of 157c correction to the rest of the results 
for methyl ethyl ltetone is valid. 

Mass spectrometric analyses occasionally sho\vecI traces of propane in the 
ethane fraction. However, after removing the ethane no significant lraction 
could be obtained a t  --150°C., i.e., propane. In the experiment a t  28J°C,  
about 20Yo of the ethane fraction consisted of ethylene. KO other products 
coulcl be found b\ the above method of analysis. 

The constancy of the material balance 
( ~ R c ~ H ~  + RcH( + RcH: ,coc~H~) /Rco ,  

over the temperature range studied i~~dica tes  that reaction [GI is relativelj- 
insignificant a t  these conditions. Therefore, it is apparent that reactions 
[2] ,  [3 ] ,  and [4] account for 95 f 3% of the methyl raclicals produced, reaction 
[I] being the main source. The  deviation falls within the possible error of 
157" in methyl ethyl ketone analysis. Conversel\., these results lend support 
to the postulated mechanism for acetone photolysis a t  these temperatures. 

I t  is possible to obtain some irlforrnation on the kinetics of reactions [2],  
[4] ,  and [5]. I f  it is assumed that the acetonyl radicals produced in reaction 
[3] react only to produce methyl ethyl ketone and biacetonyl, then R(CH3COCH2)2  
\vould be equal to (RCH4 - R C H ~ C O C " H ~ ) / ~ .  Hence (k:!fk54)/kd could be calculated 
as it is equal to ( R ~ ~ ~ ~ I ~  R ~ ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ) / R ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Such calculations were made 
and an average value of 0.7 f. 0.3 was found for (k2ik5i)/k4. These values. 
although considerably scattered, are fairly constant with temperature and 
are also in the range of -0.5, the magnitude of (Z2+ZSi ) /24 ,  Z being the col- 
lision frequency. I t  seems unlikely that this is due to an accidental equival- 
ence of pS+ and P4 when both are small, and the results strongly support 
collision efficierlcies for reactions [4] and [5] of the order of magnitude of that 
of [2],  i.e., unit!-. 

The authors wish to tender their sincere tharllts to Dr. F. P. Lossing for 
his Ilelpful discussions on the methyl eth\-I ltetorle analysis, and to fi1 iss F. 
Gauthier and Miss J.  Fuller for the mass spectrornetric analysis. 
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THE ALKALOIDS OF PAPAVERACEOUS PLANTS 

L .  DZCRANOSTZGMA LACTUCOZDES HOOK. F .  ET THOMS. AND BOCCONZA 
PEARCEZ HUTCHINSON1 

D i c r a n o s l i ~ n ~ a  franchelic~nz~nr has been renamed Slylophorzrn~ fra?~cheliattz~~ir 
(Prain) comb. nov. because its alkaloids are the same as  those of S. diphyllz~n7. 
I t  is proposed to retain the name D. Lactzrcoides because the contained alkaloids, 
namely protopine, isocorydine, sanguinarine, and chelerythrinc present a 
combination hitherto encountered only in a Glazcc iu~~~.  Bocconia pearcei was 
shown to contain, in addition to chelerythrine (and presumably sanguir~arine), 
small amounts of protopine and allocryptopinc. 

The genus Dicranostigma Hook. f .  et  Thoms. is presently considered to 
include three species. The i~ncertainty of the position of these species and of the 
genus is illustrated by the fact that  a t  one time or another all were referred to 
Chelidonium Tourn. while one (D. leptopodzsm) was referred to Glaucizsm Tourn. 
and another (D. lactzicoides) to Stylophorum Nutt.  

I t  seemed probable that a chemical examination might aid in solving some 
of the moot points in the classification of these plants and the examination of 
one of them, Dicranostig,tna franchetianum (Prain) Fedde (2) has already been 
reported (4). This plant is the least named in the genus and was originally 
described as  Clzelidon~izsm franchetianum Prain (5). Inasmuch as the alkaloids 
that it elaborates are the same as those elaborated by Stylopl~orum diphyllum 
(Michx.) Nutt .  (4) the writer suggests that it should henceforth be known as  
Styloplzorum franchetiaw~im (Prain) comb. nov. This transfer out of Dicrano- 
stigma is specifically warranted because of the results of the chemical examina- 
tion of D. lactucoides Hool;. f. e t  Thoms. which is recorded in this communica- 
tion. This much named plant was the type upon which the genus was founded 
but it has also been known as Chelidonium dicranostigma Prain (5), C. lactucoides 
(Hook. f.  et  Thoms.) Prain ( G ) ,  and Stylophorzim lactzicoides Bail1 (1). The  
contained alkaloids, namely protopine, sanguinarine, chelerythrine, and iso- 
corydine, indicate that the plant has affinities with Sanguinaria Dill. and 
Bocconia Plum. and with Glaucium but the absence of chelidonine definitely 
precludes any alliance with Stylophorzsm or Clzelidonirsm. The  taxonomic fate of 
the remaining species, D. leptopodum (NIaxim.) Fedde must await its chemical 
investigation. Unfortunately it has not been available. 

The alkaloids of Bocconia peurcei had already been examined (3) and a 
mixture of them from the same source confirmed the presence of chelerythririe 
and oflered indirect proof of the presence of sanguinarine. Protopine and allo- 
cryptopine were also present but  phenolic alkaloids, as in other species of this 
genus, were absent. 

1 .bfanuscr~pl rereived Jztly 88, 19.53. 
Conlrib~rlion frorri the Donli?tion Rubber Conrpany Lirn~led Researclz Laboralories, Gtrrlpl~, 

Ont. 
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D. I(~ctucoides is a facultative biennial ancl the plant material, which was 
grown locally, was collectecl a t  practically all stages of growth. There was 
available a total of 3.94 kgm. of clriecl plant material inclucling that from the 
roots. I t  was extracted with methanol in Soxhlet apparatus ancl the solvent 
was removed from the extract which was boiled with water and enough hydro- 
chloric acid to render it acid to Congo red. The clear but recldish colored filtered 
extract was extracted with chloroform (extract C), then macle alkaline with 
ammonia ancl again extracted with chlorofor~n (extract AC). 

Isocorydine 

The extract C was freed of solvent, the resiclue extracted with dilute h).dro- 
chloric acid, filtered, and exhausted with ether. The aclueous solution uras then 
renclerecl alkaline with an excess of soclium hydroxide (the small amount of 
precipitate here formed ~~rovecl to consist largely of protopine), filtered, ancl 
again extracted with ether. The residue from the combined ether extract 
crystallized readily in contact with methanol and when recrystallizecl from the 
same solvent it was obtained in alnlost colorless stout prisnls which, either alone 
or in aclmixt~~re with authentic isocorydine, melted a t  185'. 

Sanguinarine and  Cl~elerythrine 

The chloroforin extract (AC) was dissolvecl in hot dilute hydrochloric acicl, 
filterecl, and allowed to cool slowly. The cleep red salt whicll then crystallized 
was decomposed \vith ammonia in the presence of chloroform. The resiclue froin 
the chloroform extract was converted t o  its hydrobromide in acetone solution. 
The sparingly soluble orange salt thus obtained was deconlposed with ammonia 
in the presence of a large volume of ether. When the washed ether solution was 
slowly evaporated a colorless base crystallized. This precipitate was washed 
with ether ancl then nleltecl a t  277' when placed in the melting point bath a t  
250". This is the highest melting point ever recorded lor sanguinarine but there 
can be no doubt about the identity of the con~pound. Analytical results are of 
no value in the identification because of the tenacity with which this alkaloid 
retains Inany solvents in molecular combination. A methoxyl cletermination 
gave a value corresponding to somewhat less than one group and this only after 
prolonged boiling. Since chelerythrine with two methoxyls yields methyl iodide 
corresponcling to three methoxyls it is expected that sanguinarine under the 
same conditions will show one methoxyl. The $-cyanides of these bases are 
however characteristic and have sharp melting points. A solution of the base in 
chloroform was treated with a copious volume of methanol and then boiled with 
an aqueous solution of potassium cyanide, the mixed solvents being allowed to 
escape. While the somewhat concentrated solution was still hot, crystals of the 
desired product separated out. The substance was washed with water, with 
dilute acid, with methanol, and finally recrystallized from chloroform-methanol. 
Sanguinarine $-cyanide as thus obtained consisted ol colorless stout prisnls 
which melted a t  227'. Found: N,  7.93, 7.97. Calc. for C21H1404NZ: N, 7.82. 

* A l l  ~ i r e l ~ i ~ z y  poinls are corrected. 
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The mother liquors from which the s;tnguinarine salts hacl bee11 prepared 
were digested wit11 an excess of potassiurn cyanide and the res~~lt ing prccipitatc 
separated and washed with water. I t  was then digested with cold dilute hydro- 
chloric acid ancl the insoluble portion separated by filtration (the acid filtrate 
yielded protopine). When the dried product was recrystallized several times 
from acetone, then from chloroform-methanol, and again from acetone- 
methanol it melted a t  258-259" and in admixture with authentic cheler)-thrine 
$-cyanide it melted a t  the same te~nperature. 

Protopine 
The acid extract obtained from the mixture which was prccipitated by 

potassium cyanide was basified with ammonia and shaken with a large volume 
of ether. The residue from the ether extract crystallized readily when moistened 
with methanol and when the base was recrystallized from chloroform-methanol 
it melted sharply a t  211" either alone or in admixture with protopine. 

The total yield of alkaloids from this plant was approximately 0.2%. Of 
this, sanguinarine was the major constituent followed by isocorydine, protopine, 
and chelerythrine in that order. There were small amounts of alltaloid containing 
mother liquors, some of them phenolic in nature, which would undoubtedly 
yield other bases i f  more material were available. 

Bocconicl pearcei 
The author is sincerely indebted to Mr. [sidoro i\/Iacci6, Direccion Nacional 

de Quimica, Buenos Aires, Argentina, who supplied a specimen of total mixed 
alkaloids from B .  pearcei. These alkaloids were dissolved in chloroform-~netha~~ol 
and digested with aqueous potassium cyanide. The amorphous resinous mixture 
that was obtained when the organic solvents had largely been expelled was 
digested with cold dilute hydrochloric acid. Systematic recrystallization of the 
insoluble portion from acetone, chloroform-methanol, and acetone-methanol 
served to yield pure chelerythrine #-cyanide melting a t  259-260" and a series 
of fractions of lower melting points which undoubtedly consisted of a mixture 
of the #-cyanides of chelerythrine and sanguinarine. 

The acid soluble portion from the above treatment with potassiuin cyanide 
was basified with ammonia and shaken with n~uch  ether. This residue from the 
washed ether extract readily yielded a crop of protopine (m.p. and mixed m.p. 
210"). The methanolic filtrate from the protopine was neutralized with nitric 
acid and a further small amount of protopine separated as its sparingly soluble 
nitrate. The bases in the filtrate from this were again regenerated and in contact 
with methanol and seeding with allocryptopine this base rapidly separated. 
When recrystallized from methanol it consisted of colorless fine needles which 
melted, either alone or in admixture with allocryptopine, a t  159". 

There were no fractions soluble in alkali and hence phenolic alkaloids were 
absent. 
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THE EFFECT OF TEMPERATURE ON SUSPENSIONS OF 
GLASS BEADS IN TOLUENE CONTAINING VARIOUS 

PERCENTAGES OF WATER' 

BE. -4. E. J .  EGG LET ON^ AND 1.  E. PUDDINGTON 

ABSTIIACT 
The influence of temperature on the sedinientatio~~ volume and relative yield 

values of suspensions of spherical glass beads in toluene containirig varylng 
percentages of water has been n~easured. The increased sedimentation vol~ume 
and yield value, due to the presence of water, found a t  room temperature virtirally 
disappeared below approximately 0" C. This is in agreement with the theory 
which ascribes the effect of water to its interfacial tension against toluene. At  
temperatures above 0" C. there was a gradual fall in the sedimentation volume 
and yield value frorn the masimuni found a t  0" C. This is attributed to the 
increasing solubility of water i r ~  toluene. Suspensions containing no water or 
only a small quantity showed an unespected steady increase in sedimentation 
volume and yield value as the temperature was lowered to -GO0 C. This effect 
was also observecl with a suspensior~ of glass beads in pentane. The results indi- 
cate a close connection between yield value and e q ~ ~ i l i b r i ~ ~ m  sediri~entation 
volume. 

INTRODUCTION 

The  sedimentation volume of suspensions of inert materials in organic: 
liquids has been a subject of interest for some time. Earlier work is typifiecl 
by that of OstwaId and Haller (6) who investigated the sedimentation volumes 
of a n~lnlber of inorganic oxides, carbonates, and silicates in various organic 
liquids, both polar and nonpolar. Differences in the sedimentation volumes 
were ascribed to the binding of differing numbers of layers of liquid to  the 
particles, in other words t o  lyosorption. 

The  importance of small quantities of water has only been recognized com- 
paratively recently. Kruyt  and van Selnls (3) found that  the yield value of 
starch and quartz suspensions in organic liquids depended on the care taken 
in drying the materials and the amount of water subsequently added. Bloom- 
quist and Shut t  (1) related the sedimentation volumes of glass spheres in 
-various organic liquids to their interfacial tension against water. Those with 
t h e  largest values gave the largest sedimentation volumes. Organic liquids 
>.w,iich which water was miscible gave low sedimentation volumes. Gallay and 
,I>uddington (2) showed how an  attractive force between particles caused an 
increase in the sedimentation volunle by preventing the close packing of the 
particles. McFarlane and Tabor (5) investigated the  adhesion between two 
glass surfaces and found that it was directly related to  the surface tension of a 
small drop of liquid placed a t  the point of contact, as predicted theoretically. 

The  present work is concerned with the effect of temperature on suspensions 
,of glassbeads in toluene. Clearly, if the effect of water is due to its interfacial 
.tension against toluene we should expect changes in the properties of the 
, s~ l s~ens ions  when the temperature is lowered below O0 C. So that the system 

1 ibfunz~scripl received October 23, 1963. 
Conlribz~lion fronz the Diwisiotz of Applied Chrmislry, Nat~o?rcd Research Cotrncil, Ollnwtz, 

~ .. . . 

,C(r?tcrdn. Lrsz~ed as  ~T .R .c .  No. 3157. 
"?\T:R,L. Po.sldoclorate Fellow, 1951-53. Nalao?zc~l Research Cozr?~cil, Ollazoa. 
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EGGLEI'ON AND PUDDINGTON: TOLUEXE 87 

shoultl be as simple as possible, spherical glass beads 01 definite size were 
chosen ant1 susl,ended in toluene, which enabled the suspensions to I,e cooletl 
to -GO0 C .  without solitlifying. 

EXPERIMENTAL 

Glass beads, -275 + 320 mesh, were supplied by the Flexolite Manu- 
fact~lring Corporation. They were further fractionatecl by setlimentation 
against a constant upward current of water in a tube 3 cnl. diameter and 
100 cm. long. By successively increasing the rate of flow, fractions of increasing 
size were carried over tlie top of the tube and collected. Flocculation of the 
spheres, which would disturb the fractionation process, was prevented by 
dispersing them in a small quantity of sodium hexa~netaphosphate solution 
which, when diluted with the main body of liquid, gave a concentration of 
s o d i ~ ~ m  hexametaphosphate approximately O.l.yo by weight. 

In order to conserve the solution a closed system was used, a small circu- 
I. ating : pump returning the overflowed solution to a constant head device. 
Boiled out distilled water was used to prevent variations in the rate of flow 
caused by the fornlation of air bubbles in the connecting tubing. 
.I fraction of average diameter 43 p was ~ ~ s e d  for all experiments. Fig. 1 

shows the distribution of sizes about the mean. The  beads were cleaned with 

OIAMETER OF BEADS (MICRONS) 

FIG. I. Size distribution of beads. 

boiling nitric acid and aqua regia and finally extracted with hot distilled water 
in a Soxhlet apparatus for two weeks to remove traces of soluble material. 

Reagent grade toluene was freed from water and air by boiling off approxi- 
mately a quarter oi the original material, followed by reflusing under vacuum. 
For some of the experiments, where complete absence of water was desired, 
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the toluene was let stand 24 hr. over calcium liyclricle ancl agai11 rcf l~lxe~l  
under vacuum. 

I'cnt;~nc, 09.99'///U pLlre, was dried over c a l c i ~ ~ m  h!-dl-icle arid refluxed L I I I C ~ ~ I -  

vacu uni. 
Distillecl \\rater I V ~ S  boilecl a t  atmospheric pi-essul-e to 3 b 0 ~ 1 t  half its original 

volume to remove as much air as possible and then distilleel into a flask which 
had been balted a t  350" C. ~~nc le r  vacuum overnight. B), repeatedly distilling 
the water back ancl forth on to a colcl t rap ~ ~ n d e r  vacLlum, a sarnple Mias finally 
obtained which when distilled into a I mm. capillal-). tube formed a continuous 
thl-cad showing the absence of clissolvecl air. 

Fig, 2 shows the apparatus usecl for determining sed'inlentation voIu~nes 
:uncl relative yielcl values of suspensions \vliich were containecl in the tube A. 

r"l 

D 

n C, ELECTRIC MOTOR 

FIG. 2. .Apparatus ~ ~ s e d  for determining relati\.e yield values and sedimentation volume 
of suspensions. 

'I'his tube (of p j  rex, approximatel) 40 mln. by 12 mm. diameter-) contained 
a spiral stirrer B pivoted a t  both ends on tungsten points bearing in conical 
clepl-essions. Sealed in the stirrer, near the bottom, was a small iron slug C. 
This enabled the stirrer to be rotated a t  speecls up to approximately 3000 r.p.ru. 
b!- a horseshoe magnet D which was attached to the shaft of a sinall electric 
motor. 

Before filling, the tube w,ls cleanecl with chromic cleaning mixt~ire,  washed 
with distilled water, and dried. T h e  r e q ~ ~ i r e d  quantity of beads was weighed 
into the t ~ ~ b e  wliicli was then sealecl by the side-arm E to a vacuum apparatus. 
'The glass beads were out-gassed a t  350' C. overnight after which the pressure, 
read on a RlacLeod gauge, was less th,m 1 0 - ~  mm. A calibrated bulb was 
filled with water vapor a t  measured temperature and pressure from the 
reservoi~d of de-gassecl water, and then b ~ .  immersing the tube A in dry ice the 
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EGGLETON AND PUDDZNGTON: TOLUENE S'3 

water contained in the bulb was conclensed on the glass beacls. ?'he percentage 
of water by weight of beads could be calculatecl with sufficient accuracy from 
the volume, pressure, ancl temperature of water vapor in the calibl-atecl bulb, 
using the ideal gas ecluation. By conclensing more than one volume of water 
vapor on the beads, t ~ ~ b e s  containing LIP to  0.62y0 of water were prepared. 

\h7ith the tube still immersed in d ry  ice the recluirecl quantity of toluene, 
which was not critical, was condensed in the tube, after which the side-arm 
was sealed off. 'The suspensions containecl approximately 45y0 glass beacls 13). 

weight. 
The  tube as  shown in Fig. 2 was pivoted between two bearings F ant1 G. 

, . I he upper one, F, consisted of a tungsten point sealecl in :i short length of 
Pyrex tube which was free to move verticall~r. I t  was kept in place by a small 
spring \vhich enabled the tube to be inserted in place easily. The lower bearing 
G was attached to the shaft carrying the horseshoe magnet D ancl rotated 
with it. This  bearing consisted of a chromium steel phonograph needle to 
avoid excessive wear on the glass tube. 
X light nylon thread II was fastened a t  one end to  side arm E of the tube 

and the other passed through the wall of the thermostat I ancl over the small 
aluminum pulley J, pivoted on steel points, to a small pan K on which weights 
could be placecl. The  apparatus, with the exception of the pan K ,  was con- 
tained in a n  air thermostat consisting of an insulated box which could be 
~naintainecl between room temperature ancl -GOo C. within &0.3" C. b>- 
circulating air over clry ice containecl in a separate compartment. T h e  circu- 
lating fan was controlled by a bimetallic element. 

I n  a t ~ ~ p i c a l  run the tube was placed in the thermostat a t  room temperature 
and cooled slowly with the spiral stirrer in operation. Provicled the temperature 
was very gradually lowered while passing through O°C. the beads did not  
freeze to  a solid mass. Once the temperature was below about -5' C. it was 
lowered rapiclljr to -(<OD C. t o  prevent: the ice on the bead surface fro111 re- 
cr\.stallizing and causing agglomeration. T h e  tube was helcl a t  -GO0 C. for 
an hour or more wit11 the stirrer rotating a t  3000 r.p.m. to break up an\- 
agglomerates which may have been formed during the cooling process. 

<. 1 he stirring motor could be stopped sucldenly, in about a second, by a brake. 
, . I his was necessary when measuring sedimentation volumes since a grad~ral 
slowing down of the stirrer caused the beads to  stick to the xvalls of the tube, 
particularly with those suspensions containing larger percentages of water. 
'The tube was tapped lightly by hand until the  layer of sedimented beacls had 
reached a constant volume. T h e  height of the sedimented volume was measured 
with a cathetometer  sing a scratch mark on the t ~ ~ b e  as a reference point. 
'The t ~ ~ b e  had been previously calibrated with weighed q ~ ~ a n t i t i e s  of water so 
that  the sedimentation heights could be converted t o  volumes. 

.A large weight was placed on the scalepan K during these measurements to  
prevent the tube from rotating. When m e a s u r i n ~  relative yield values of 
suspensions, smaller weights were placecl on the pan in order that ,  with the 
stirring motor in operation, the tube A rotated and the nylon thread wound 
round the tube until the scalepan was held a t  the top of its travel. T h e  weights 
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on the pan \\rere then ~~djustet l  until they \\rere just sul'ficient to pull the pall 
downwarcls and so rotate the tube when the stirring motor was suddenly 
stopped with the brake. This method gave more reproclucible results than 
stopping the motor and then increasing the weights on the pan until the t ~ ~ b e  
commenced rotating, since an incleter~ninate amount of settling occ~~rrecl 
each time. 

The method of plotting shearing stress against rate of shear and extra- 
polating to zero rate of shear was not used, since a t  high rates of shear the 
stirrer caused turbulence and cavitation in the suspension, while a t  low rates 
the beads settled and a two layer system was formed. i\ileasuren~ents of both 
sedimentation volume and yielcl value were made a t  various temperatures, 
increasing from -(jOO C.  to room temperature. 

RESULTS AND DISCUSSION 

Fig. 3 shows the sedinientation volunle per gram of beads for the various 
suspensions a t  different temperatures and Fig. 4 s l~o~vs  the corresponcling 
relative yield values. 

FIG. 3. Sedi~nentation volumes of suspensions. Curves 1-5 represent behavior of glass 
spheres in toluene with the following added percentages of water, 0.62, 0.47, 0.28,0.10, and 0.0. 
Curve 6 shows behavior i n  dry pentane. 

The suspensions containing 0.62% and 0.47% of water respectively show 
clearly that the effect due to the water disappears below 0" C. \\illen the water 
surrounding the beads is frozen. This is in agreement with the hypothesis 
that the effect of water is due to its interfacial tension against toluene. When 
the water is frozen no 'necks' can be formed between adjacent particles and 
the increased viscosity no longer exists, the yield value being similar to that 
for dry beads a t  20" C. The apparent srnall residual yield value in these two 
cases is possibly attributable to friction in the bearings. The small depression 
of the apparent freezing point of the water may be noted. This is not due to 
supercooling of the water as all measurements were made by cooling the 
suspehsion to -60" C. and then raising the temperature to successively 
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FIG. 4. Relative yield value of suspensions. Curves 1-5 represent bchavior of qlass 
spheres in toluene with the following added percentages of water, 0.62, 0.17, 0.25,0.10, and 0.0. 
Curve 6 shows behavior in dry pentane. 

higher values. The  depression is probably due to slight solubility of allcalis 
present in the glass beads. Some earlier experin~ents were conducted wit11 
beads that  had not been subjected to the prolonged extraction with hot 
clistilled water. On cooling, these showed a continuous lowering of the sedi- 
~nentatioil volurne and yield value, with no sharp break a t  all. Values corre- 
sponding with those for xvater-free beads a t  room temperature were only 
obtained below -40" C. 

The  slight falling off of the yield value and sedirn~ntation volume above 
0" C. is probably the result of two factors. Increasing temperature will lower 
the interfacial tension between toluene and water and in addition some of 
the water will dissolve in the toluene, reducing the amount between the beads. 
'This probably accounts for the behavior of the suspension containing 0.28y0 
water which exhibits maximum yield value and sedimentation v o l ~ ~ m e  a t  
-5" C., the values falling off rapidly above this temperature till a t  25" C. a 
value similar to  that for water-free beads is obtained. We ]nay calculate the 
effect of solubility in the following manner. Fro111 the average diameter of the 
beads (43 and their density 2.32 gm.jml. we obtain a value of 603 sq. 
cm./gm. for their geonletrical surface area. Thompson et al. (8) measured the 
adsorption of carbon dioxide on similar glass beads. They found a B.E.T. 
surface area value close to the geometrical area for  ine etched beads but  a 
value 21 times the geonletrical area for beads which had ,been etched with 
water for three weeks. IJsing this figure and a value of 10.5 sq. A for the area of 
a water molecule (calculated from the liquid density) we calculate that  
0.0367, water by weight of the beads is required to  form a monolayer. The  
water present in a suspension will be divided between the surface of the glass 
beads and solution in the toluene. I f  we assume that  the toluene is s a t ~ ~ r a t e d  
with water we can calculate from solubility tables (7) the amount remaining 
on the beacls. The  values for the suspension containing 0.287, water are 
7.0 monolayers a t  0" C. and 6.1 monolayers a t  30" C. 
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02 C.4h'A LIIAA' J O U R I V ; ~  L OF C H E M I S I R  I' I 'OL .  .? 

WIcl;a~-lane ancl Tabor (5) n~easured the acll~esion of a small glass 
on a vertical glass pl ;~te ,  the adhesion being clue to an adsorbed film of \\rater. - 

M'hen approximately five monola)w-s had been adsorbecl the adl1esion in- 
creased rapidly from zero reaching the maximum value when about 20 Inollo- 
layers had been adsorbetl. Although the above calculation is only approximate 
it does show that the solution of water in the toluene cllanges the nulnbel- of 
adsot-bed monolayers significantly in the region where a rapid change i n  
adhesion is occurring. Consequently we should expect the decrease in yield 
value ant1 sedimentation volume which was experimentally observed. 

I n  this connection we may note the paper by Icruyt and van Selms (4) in 
which the effect of varying percentages of water on the yield value of similar 
suspensions of glass beads is calculated. They arrived a t  a relation between 
the yield value and water content of a suspension by calculat i~~g the work 
required to separate a pair of glass beads with a known quantity of water in 
the 'necl;' joining them. However, the yield value of a suspension woultl 
appear to have the dimensions of force rather than those of work. Once the 
shearing stress has reached the critical value the suspe~lsion will yield. Hence 
the adhesion between the beads is the important factor, as  discussed in this 
work. 'The agreement between Icruyt and van Selms' calculation and their 
experimental results may be clue to the fact that the calculation contained 
an ad justable parameter (the number of other beads which touch each bead). 
They have also taken no account of the fact that  the real surface area of their 
beads may be considerably greater than the geometric area. Using values give11 
in the paper by i\/IcFarlane and 'Tabor, a plot of adhesion against the number 
oi  non no layers gives a curve of similar shape to  the yield value vs. percentage 
water graphs given by Kruyt and van Selms. An alternative explanation for 
their results, making reasonable assumptions about the real surface area of 
their glass spheres, is therefore possible. 

The  suspensions containing no water and 0.11, water showed, a s  expected, 
no break a t  O0 C .  but exhibited an unexpected steady increase in the yieltl 
value and sedimentation volunle as the temperature was lowered to -GO0 C. 
'This indicates an increasing attractive force between the beacls a t  low tempera- 
tures. I t  is suggested that this may be clue to  the adsorption of toluene nlo- 
lecules on the glass surface. These molecules \. \ r i l l  have fewer degrees of freed0111 
than those in the liquid and their arrangement will tend towards that of the 
solid state. When two beads touch, local freezing a t  the point of contact ma); 
occur. The force required to separate the beads will increase a t  lower tempera- 
tures as the area of local freezing increases. 

The presence of water already adsorbed on the glass surface will prevent 
the subsequent adsorption of toluene, so this process will not occur \vith the 
suspensions containing considerable amounts of water. However, it is difficult 
to understand why the suspension containing 0.1% of water has similar- 
properties to  the water-free suspension. On the basis of our previous calcu- 
lation there will be nearl). three monola~~ers  of water on the surface of the glass 
beacls and we sl~ould not expect toluene to be adsorbed on such a substrate. 
'L'he anomalous increase of the sedimentation volume and yield value was also 
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obsel-vecl wi th  a water-free suspension in p e n t a n e  (clotted lines in Figs 3 and 
4). T ~ L I S  t h e  effect is n o t  d u e  t o  any  special propert ies  of t h e  benzene r ing and 
its cause remains  i ~ ~ i c e r t a i n .  

P r e l i m i ~ i a r y  exper iments  related t o  this  w o r k  were carried o u t  b y  B. A.  
Dunel l .  To h im a n d  t o  P. G. Howe,  wi th  w h o m  man): helpful discussions were  

held, grateful  acl;nowleclgment is m a d e .  
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THE PRODUCTION OF NaZ BY A (H3, n) REACTION 
IN A NUCLEAR REACTOR1 

ABS'TRACT 

'The positron emitting Na2' of 2.6 year half-life has been prepared in a ~ ~ u c l e a r  
reactor by the double reaction Li6(n, n)H3, Ne20(HJ. ?r)Na2?. The o~rer-all yield 
was 2.3 X 10-7 atoms of Na2? per atom of tritium formed. Eleven grarns of 
lithiurn as  aluminum alloy turnings ill a neon atmosphere a t  200 p.s.i. was 
irradiated for 175 days in a neutron flus of about 1 X lo'? n./cm.'/sec. About 
380 PC. of NaZ2 was obtained in a sodiunl extract having a specific activity of 
10 mc. Nan/gm. of Na,23. A specific activity in the curie/gm. level would be 
expected from a longer ~rradiation in the highest flus (6 X loL3 n. /~rn .~/sec . )  In 
the NRX reactor. 'The separation and purification of the sodium proved practic- 
able by paper chromatoqraphy or ion exchange; the analyses for trace Li and NaZ3 
were carried out by radioact ivat~o~~.  

INTRODC'CTION 

Seutron deficient positron emitting (or K-capture) nuclides a - e  ~1sua1l~-  
produced by charged particle reactions in accelerators followed by chemical 
separation of the product elenlent. In nuclear reactors, however, the only 
general method of preparation is by the (n,  272) reaction. This reaction is not 
too satisfactory. The (n, 2n) effective cross sections are low, thus preventing 
the attainment of high specific activity; also the product element is the same 
as the irradiated element, preventing the use of cheniical separation to attain 
high specific activity. 

For example, the reaction Xa23(n, 2n)Na" has a thresl~old of 12.2 Mev. (9) 
and a maximun~ total neutron cross section of 900 ~ l lbar~ ls  (2). Since the 
fraction of neutroils in a reactor with energies > 12 1Mev. is -lOP4 (8), in a 
reactor position with thermal neutron flux of 4 X 10" n./cm.?/sec., a 175 day 
irracliation would be expected to produce a specific activity of only -10-5 
curiesjgm. 

However, by ~~ti l iz ing a double reaction, an improvement can sometimes 
be made. For example, i f  one mixes neon gas with lithium in a suitable .way, 
and irradiates the mixture with tl~erinal ne~rtrons, the LiG captures neutrons 
with 930 barns (1) cross section, and provides a steady supply of 2.75 NIev. 
tritons (5) which in turn produce Nat2 by a (H" n)  reaction on Ne20. (FLY and 
ClU have also been made by this general method ((i).) 

The preparation of the carrier free Na2P involves in principle a chemical 
separation of trace sodium from macro atnounts of neon, lithium, and alumi- 
num In practice, the specific activity attainable depends 011 the neutron Hux, 
the irradiation time, unavoidable traces of Nat3 contamination, and, of course, 
the clegree of dispersion of the lithium in the neon. 

1 dIa?rrrscripl received Sepleinber 28, 195.5. 
Co?zlribr~lio?~ fro117 the Che171islry Brcorch, Atomic Enersy (f Calrcldn Lii71ited, Chalk River, 

O?rtc~rio. Zss~ied crs A.E.C.L. :\'o. 87. 
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COOK ..1ND SHAFER: PRODliC1'IO.V OF 1\'oi' 0.5 

EXPERIMENTAL 
(1 ) Irradiation Technique 

-A 4'7; I,i (by weight) in "super p ~ ~ r e "  aluinin~im allol. was prepal-ed and 
fine wool-like turnings turned off on a lathe. Two h ~ ~ n d r e d  and seve~lt>.-six 
grams of these turnings were packecl loosely in aluminurn cartriclges 1 in. diam. 
X 4 in. long, which were then slipped into an aluminum p~-ess~lre tube. 'I'he 
pressure tube was installed in a positiorl in the NRX reactor where the norninal 
neutron flux was 4 X loL2 n./crn."sec., ancl filled with neon a t  200 p.s.i. 

Aftel- 175 reactor operating days the tube was talten out ancl the a lumin~~m- 
lithium alloj. wool rernovecl to the laboratory for processing. 

(2) Extraction of Nu2? 
The lithium-aluminumn alloy wool was rinsed four times with distiliecl 

water, using 100 cc., 150 cc., 250 cc., and 900 cc. respectively. ?'went) cubic 
centimeters of nitric acid were added to each washing, and the solutions 
boiled until the suspended material dissolved ancl the solutions became clear. 

'I'he hot acidified solution was then neutralized with aqueous ammonium 
carbonate to decided cloudiness, then cleared with arnrnoni~~m oxalate solution. 
This neutralization and clearing was repeated four times a t  the boiling point, 
then finally the solution was made slightly basic with ammonium carbonate. 
The resultant aluminuru oxalate - carbonate precipitate \\.as compact, filtered 
easily, and in previous tests using Naq4 tracer hacl been shown not to carry 
down trace sodium. 

The filtrate contained the Nay', lithium, and any trace accumulation of SaD. 

(3) Pz~rijication of Nu2? by Ion Exclzange 
The S a x  was to be separated froin the substantial amount of Li present. 

as well as from any other impurities. An ion exchange separation of Na, I<, Rb, 
Cs, on Dowex 50 resin has been described (4). The same technique was found 
to give a clean separation of the lithium from the sodiuin. T l ~ e  lithiunl appeared 
as a peal; between the 9th and 14th colun~n volumes; the Na22 peak lay between 
the 16.5 and 23rd column volumes. To  identify the Na2? positively, a 7-7 
coincidence crystal counter was used to identify the positron annihilation 
radiation, and the positron energy was checked bl, determining the absorption 
curve in a l~~minum.  

(4) Purijication of by Paper Clzromatograplzy (Alternative Process) 
A separation of sodium and lithium by papel- chromatography has been 

describecl (3). ?'he separation was clenlonstrated by detecting two chloride 
bands in the paper chromatograph, and not by direct analysis for sodiuin and 
lithiu~n. 

In the 111-esent work, direct analysis for s o d i ~ i n ~  and l i t h i ~ ~ m  was used. The 
s o d i ~ ~ m  \\-as detected b), the NaQ2 activity; the lithiu~n was detected using the 
0.88 sec. Li8 activity, produced in a neutron reactor. The samples to be 
analyzed were placed in iron capsules, sent down a tube into the reactor, then 
blown through a pneumatic tube directly into a counting position, where the 
intensity and decay of the 0.88 sec. activity could be measured directly. In 
this waJ7 lop7 gm. of I,i can be detected. 
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IJsing absolute methyl alcohol as  elutant, and placing the alkali salt 011 the 
papel- as chlol-ide, conlplete separation was obtained in three and one half hours. 
The lithium band extended from the Gth to the 10t11 inch, the solvent front 
being a t  12 in. The  sodium band extended from zero to the 5th incll, with its 
peal< a t  1.5 in. A 33 Ilr. creep period placed the sodiunl peak a t  2.0 in., with no 
greater spreading than before. T h e  l i t h i ~ ~ m  was not detectable ~ ~ n t i l  the 10th in. 
and was concentrated a t  the t ip of the paper (12th inch). 

( 5 )  Analysis of Product for Nu"/N(L'~ Ratio 

-1 siunple of the ~~next rac ted  rinse solution was evaporated ant1 irradiated 
for 10 hr. in the N R X  reactor to produce the reaction Na" (n,  y)NaSd. 'I'he 
sample was then extracted and purified by the techniques described ant1 the 
clecay of the Na24 activity and t-he residual Na?? activity were observed. T h e  
Na2'/;\.'a" ratio in the sample was f o ~ ~ i l d  to be 10  mc. NaL'/gm. Na23. 

( ( 5 )  Determination of Yield 
The ovel--all yield of Na?' was 14 X loG disintegrationsjsec. or  -380 PC., 

and was obtained in the first three rinses of the alloy turnings. T h e  last rinse 
had a negligible amount of Na2' in it. This confirmed the expectation that the 
Na" foi-inecl in the gas phase would settle on nearby surfaces, and be easily 
washed off with water. 
,1 straightforward calculatioil of the number of neutrons consun~ed in 

11.0 g n ~ .  of Li in 175 days a t  a flux of 4 X 10" n . /c in .~sec.  gives a neutron 
consumption of 4.1 X 1021 neutrons (making no allowance for "blacliness" to 
neutrons: the turnings were spread out over a length of four feet). Thus  the 
yield was 3.5 X 10-15 disintegrations/sec. /atom of tri t i~im formed, or 2.3 
x 10-7 atoms of Na=/atom of t r i t i ~ i n ~  formed. 

A sample of s o d i ~ ~ ~ n  chloride which had been irradiated in t l ~ e  same nominal 
flux (4 x ~O~%./cm.?/sec.) for five years was p~~rif ied by the ion exchange 
l~rocec l~~re ,  and the Na?? content of the ~ a ' ~  determined. A specific activity of 
1.6 x lop5 c ~ ~ r i e s  Na2?/gm. Na'3 was found, confirming the predictecl low 
jrield of the (n ,  2n) reaction. 

DISCUSSION 

The  yield of the XaZ3(n, 2~~)i\ 'a~+eaction in a thermal neutron reactor has 
been determined. I t  has been found tha t  the Li6(n, a)H3,  Ne?O(HY,n)Na" 
reaction \vill produce Na?? with specific activity 10' times higller in a neutron 
flux of 4 X 101%./cm.?/sec. 

I t  would be expected tha t  the use of I0  times higher fluxes (available in the 
interior of the N R X  reactor), longer irradiation periods, and a program to 
reduce sodium pickup could be made to increase the specific activity to the 
curie/gm. level. 

CONCLUSION 

T h e  double reaction Li6(n, a)H3,  Ne20(H3, n)NaW makes possible the pre- 
paration of Nam in present thermal neutron reactors with specific activity of 
the order of one curie Na2/gm. 
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COOK ANL) SHAI.'EK: PKOULJC7'ION OF Ko?? 97 
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PVT MEASUREMENTS IN THE CRITICAL REGION OF XENON1 

Extensive l'V'1' meas~~rements of xenon extendilig from I .8" above the critical 
temperature to the critical temperature, and i n  a few cases to 4" below the 
critical temperature, have been carried out a t  densities ranging from so~l~ewhat  
above the critical density to well below. I n  order to  make the corrections for 
hydrostatic head small and easily calculable, a bomb having a height of only 
1.0 cm. was used in the prcsent measirrernents. 'The previously reported value 
for the critical temperature 1G.59Oo is confirmed. The critical de~lsity is estimated 
to be 1.099 f 0.002 grn./rnl. compared with 1.105 .gm./ml. found previously. 
The critical pressure is found to be 57.636 f 0.005 atm. 

'The isotherms a t  temperatures above the temperatures of meniscus dis- 
appearance do not appear to  have any flat portiolis. However, the critical 
isotherm is considerably flatter and broader over a range of densities tllarl that 
corrcspon?ing to a van der Waals equation, and a t  the critical point the third 
and fourth derivatives of pressure with respect to volume appear to be zero. 

In order to obtain an improvecl understanding of critical phenomena a 
131-ogram has been ~rnder way in this laboratory to measure with the highest 
possible precision a number of properties in the critical region of a single 
substance. Xenon, being monatomic, and having a critical temperature con- 
veniently close to room temperature, was chosen for this work. Previous 
publications have already clescribed the liquid-vapor coexistence curve (15), 
density distributions in a vertical tube (lG), and the velocity and absorption 
ol ultra sound (2). We now wish to report measurements of the compressibility 
of xenon in the critical region. These measurements are used in the suc- 
ceeding paper (5) to calculate thern~odynamic properties in this region. 
.A major difficulty in making accurate measurements near the critical point 

results froin the very high compressibility of the system wllich causes a partial 
compression of the medium under its own weight.* Accordingly the 
density inside the experimental bomb changes considerably with height, while 
it is only the average density which is directly nleasured. Also, the pressure is 
measured a t  a particular level in the system for which the density is not known; 
correction to any other level recluires a knowledge of the density distribution 
in the fluid head. These efiects were first discussed by Gouy in 1892 (3) but 
appear to have been ignored by subseq~~ent  workers. 'Their significance in 
actual measurements was first shown in the determinations by MacCormaclc 
and Schneider (6) of the isotherms of sulphur hexafluoride where, using a 
relativel~. tall bomb, the corrections for fluid head were several times larger 
than the uncertainties in the pressure measurements and significantly affected 
the shapes of the isotherms. The effect was further demonstrated in the 

i l I n ~ ~ ~ l s c r i p t  re~eived October 7 ,  1953. 
Cotltrtbution frat11 !he Dir~ision of Pure Cl~etnrstry, iValio?lnl Re~cnrch C O L L ~ Z L ~ ~  of Cnnndn, 

Ollnwa. Canada. Isszred ns N.R.C. No. 3161. 
2 A'nt io~~al  Researclr Lnboralories Postdoclornte Fellow. 
* This  qr~estior~ I~as bcr7i disczlssed nt greater len,otk i t1 n recenl syrirposin~~r (13) .  
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HABCOOD AND SCHNBIDER: PVT MEASUREMENTS OF XENON 99 

measurements of Weinberger and Schncider (15) on the liquid-vapor co- 
existence temperatures of xenon where observatio~ls in a tall bomb yielded a 
temperature-density coexistence curve with a flat top, while those in a similar 
bomb mounted horizontally and only 14 mm. high gave a rouncl-topped co- 
existence curve and hence pointed to  the existence of a unique critical density 
as post~~lated originally in classical theory. Recently Whiteway and Mason (18) 
have completely confirmed these observations. 

Since the prediction of a flat-topped coexisteilce curve and of a regionof 
hol-i zon tal isothel-ms above the temperature of meniscus disappearance was 
one of the main features of the theory of Mayer and Harrison (8), i t  is of 
considerable importance that experimental observatio~ls should be properly 
corrected for the effects of gravity. I t  was a t  first not clear whether the flat 
top observed with xenon in the tall bomb could be explained entirely by the 

effect. However, i t  was later shown (lil), using the measurecl 
~om~ressibilit ies given in the present paper, that the calculated density range 
of the flat top agreed closely wit11 the observations. 

In PVT measurements the necessary corrections for the effect of the fluid 
head may be calculated by successive approximations from the observed 
isotherms either to give the pressure a t  the level where the local density equals 
the average. density of the filling, or to give the local density a t  the level where 
the pressure was measured. Our present measurements have been carried out 
using a horizontal glass bomb 10 mm. in diameter (i.e. height) in order to 
,nalre these corrections very small and easily calculable. However, to illustrate 
the nature and extent of these gravitational effects we repeated measurements 
of the critical isotherm in a bomb 25 cm. tall. The  details of this work have 
been reported elsewhere (4). The observations were in complete agreement 

the expected pressure and density variations resulting from the gravi- 
tational field as calculated for different fillings on the basis of the isotherm 
obtained from the horizontal bomb. I t  was apparent, however, that calcu- 
latio1l in the opposite direction, i.e. to  derive the "true" isotherm from 
measurements in a tall bomb, W O L I ~ ~  require several steps of approxilnation 
and the resulting uncertainty in the corrected isotherm would be much greater 
t11a11 the experilnental scatter of the original measurements. 

The geometry of the apparatus used by MacCormack and Schneider in the 
measurements on sulphur hexafluoride was such that  calculation of the 
corrections f o r  fluid head was particularly difficult and some rather rough 
a p p r o x i m a t i ~ ~ l ~  were used. The  isotherms thus corrected did not show any 
llorizontal portions in the immediate supercritical region. Later Wentorf and 
~ o y d  (17) using a somewhat shorter bomb* reported measurements also on 
sulphur hexafluoride which yielded horizontal portions in several isotherms in 
this region, the most impressive experimental evidence so far in favor of the 
~ayer-Harrison theory. They supported their results by applying "more 
realistic corrections" to the measurements of MacCormacl; and Schneider to 

* Althoagh most of the bomb volz~me was confined to a height of appro.vimntely 6.7 cm. 
the stirring mechanism fired to the top of the bomb provided a n  additional volzrme and a n  add- 
itiol~al hydrostatic head nlaki?cg the total efective height close to 19 cm. I t  i s  not clear from the 
report of Wentorf and Boyd whether their corrections for hydrostatic head tbok account of this. 
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obtain similar horizontal isotherms. However, these new corrections merely 
involved correcting the observed pressure to the level a t  which t-he meniscus 
disappeared, and the xenon measurements referred to above (4) showed quite 
clearly that this procedure automatically gives a horizontal isotherm. Conse- 
quently the measurements of MacCormack and Schneider cannot be said to 
give definite confirmation to the "derby hat" region of horizontal isotherms 
reported by Wentorf and Boyd. For carbon dioxide, the measurements of 
Wentorf and Boyd (17) as well as the earlier measurements of hiIichels et al. (9) 
do not support any appreciable region of horizontal isotherins above the 
temperature of meniscus disappearance. In the case of xenon the measure- 
ments reported in the present paper likewise do not suggest any such "derby 
hat" region. 

Previously published PVT measureinents on xenon include isotherms from 
16.65" C. (given as the critical temperature) to 300" C. over the density range 
1-10 moles/liter reported by Beattie, Barriault, and Brierley (11, and vapor 
pressure measurements up to 0.56" below the critical temperature reported 
by Rlichels and Wassenaar (10). Palmer (11) using a schlieren techniclue has 
measured approximate density gradients in xenon near the critical point and 
from these has estimated P- V isotherms. 

METHOD 

The method of measurement was closely similar to that used by Mac- 
Cormacli and Schneider (6). The bomb assembly is shown schematically in 
Fig. 1. The design of the bomb and stirrer has been previously described (15). 

-25 CM. tl 
T H E R M O S T A T  7fi THERMO. 

GAUGE 

FIG. 1, Schematic diagram of the bomb assembly for PVT measurenlents in the critical 
region. 

The glass capillary forming the xenon side of the mercury U-tube was bent 
a t  right angles just above the tungsten contact wire in order that the con- 
necting tube to the bomb could be kept short and as nearly as possible a t  the 
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IfdBGOOD AND SCHNEIDER: PVT MEASUREMElVTS OF XENON 101 

same height as the bomb itself. The  maximum possible head of xenon a t  any 
point in the system was IG mm. The pressure was measured a t  a level 1 mm. 
above the center of the bomb, this being the position of the contact wire in 
the mercury U-tube. 

The complete assembly inside the thermostat was mounted as a unit which 
could be rotated through 4.5' about a pivot point so that a dewar flask could 
be raised about the closed end of the bomb to co~ldense in a charge of xenon 
from the brass weighing bomb. The  thermostat bath itself, which has been 
previously described (15), was mounted on the platform of a hydraulic lift 
operated by compressed air. When the bomb was being charged, the bath 
with its stirrers, etc., was lowered and could be quicltly raised as soon as the 
bomb had started to warm up. 

The contents of the bomb were stirrecl before each pressure measurement 
but the stirrer was turned off (luring the actual measurement. Pressures 
measured with continuous stirring were 0.002-0.003 atm. higher than without, 
probably owing ,to a slight heating produced by the vigorous stirring. I t  was 
found that the slight temperature fluctuations in the heating-cooling cycle 
of the bath were rapidly transmitted to the bomb yielding noticeable pressure 
fluctuations lagging by about 30 sec. However, near the critical point it was 
necessary to wait one hour or longer to be sure tha t  true thermal equilibrium 
had been attained. 

The xenon used in the measurements was part of the same sample used by 
Weinberger and Schneider supplemented by additional material of equivalent 
purity obtained from the Linde Air Products. Analysis with the mass spectro- 
meter failed to disclose any detectable impurities. The material was roughly 
fractionated from time to time between runs. 

Errors 

The mean temperature of the bath could be controlled to better than 
f0.001" C. for short periods and within f0.002' C. overnight. The tempera- 
ture oscillations during the heating cycle ripple were about f0.001". The  
sensitivity of the temperature measui-en~ents using a resistance thermometer 
and a Mueller bridge was about 0.0005" C. and the absolute accuracy is 
estimated to be f0.002" C. 

The sensitivity of the piston gauge was f0.0003 atm. a t  50 atm. and the 
reproducibility of the pressure measurements a t  times approached this- 
indicating a somewhat better degree of temperature control than fO.OO1° 
which would correspond to fO.OO1 atm. The absolute accuracy of the pressure 
measurements, which depends tnainly on the calibration of the piston gauge, 
is estimated to be around f0 .005 atm. 

The absolute accuracy of the density measurements is estimated to be 
f0.2%, although relative accuracies are much greater. 

On some occasions, i t  was found on repeating a series of measurements tha t  
the -pressure values were higher or lower by an almost uniform.amount of 
up to 0.002 atm. This is now believed to be due to an uncertainty in the 
contacts in the U-tube, partly the result of contact not always being estab- 
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lished a t  the extreine tip of the tungsten wire and partly clue to a change in 
the curvature of the mercury surface. This contributes a someiirhat further 
uncertainty to the pressure readings but has only a slight effect on the (dP/dT) 
values which are used in the following paper. 

MEASUREMENTS 

The  rneasure~nents were carried out in two series, ( a )  isotl~erms and (b) iso- 
chores. The first series was limited to  temperatures in the iinmediate neighbor- 
hood of the critical temperature where it was desired to determine the exact 
shape of the isotherms as accurately as  possible. Each isotherm included 
measurements of pressure a t  from 10 to 16 densities achieved by successive 
expansions from the bomb. 

In series (b),  isochores were determined a t  three deilsities above the critical 
density, a t  approximately the critical density, 8.4 moles/liter, and a t  11 
densities below, down to 2.5 moles/liter. Except for the three lowest densities, 
each covered the temperature interval from the two-phase region to 1.8" above 
the critical temperature and a t  the lowest densities measurenlents were 
carried to around 2' below the critical temperature, still in the gas region. 
A sufficient number of measurements were made in the two-phase region to 
establish the vapor pressure curve to 4" below the critical temperature. A 
major purpose of this series of nleasurements was to deterinine as accurately 
as possible the slopes of the isochores (aP/dT) for use in calculating thermo- 
dynamic properties, and the experimental densities were chosen with this in 
vieiv. The  weight of the xenon was checked after each isochore to  be sure that  
no leak had occurred which would tend to cause a steady decrease in pressure. 
Towards the end of the work a small leak did develop, amounting to  around 
50 mgm. out of a 15-20 gin. charge over the three or four days required for a 
run. This significantly affected the readings a t  the three lowest densities and 
corrections were applied, based on the slopes of the isotherms and assuming 
a steady rate of leakage. 

The  measurements are given in Tables I and 11. The  isochore measurements 
presented in Table I1 are given in the order in which they were obtained, 
determinations having been made with both increasing and decreasing 
temperatures, and successive measurements were made a t  the same tempera- 
ture after the bomb had been allowed to stand overnight. 

Fig. 2 is a small-scale plot showing most of the region covered by this work 
with the data of Table I1 plotted as isotherms. Individual points have not 
been shown since on this scale the scatter from the lines cannot be seen. The  
densities a t  which measurements were made are indicated by the arrows near 
the bottom of the figure. 

In  Fig. 3 the immediate critical region is show11 on a larger scale using the 
data  of Table I together with the isotherin a t  16.690" from Fig. 2. 

The  results of Beattie, Barriault, and Brierley ( I )  a t  16.65" are shown in 
Fig. 2. They reported that  the xenon used in their investigation contained 
0.14% krypton and this might account for their pressure being somewhat 
higher, agreeing almost with our 16.79' isotherm. 
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HABGOOD AND SCHNEIDER: PT'T BfEASUREAfENTS OF XENON 

TABLE I 
DENSITY-PRESSURE ISOTHERMS OF XENON NEAR TIIE CRITICAL POINT 

Italicized values refer to two-phase region 

I I 

Density, 
gm./ml. 

Pressure, 
a tm.  

57.6360 
57.6114 
57.5991 
57.5946 
57.5895 
57.5878 
57.5870 
57.5877 
57.5899 
57.5885 
57.5893 
57.5871 
57.5806 
57.5742 
57.5611 

Density, 
gm./ml. 

Pressure, 
a tm. 

16.590" C. 

Density, 1 Pressure, 
gm./ml. 1 atm. 

Density, Pr;;:?, 1 Density, 1 Pressure, 
gm./ml. 1 gm./rnl. atm. 

@Trace of gas. b ~ r a c e  of liprid. C
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TABLE I1 
TEMPERATURE-PRESSURE ISOCHORES OF XENON 

Italicized values refer to two-phase region 

I I 

1.09947 gm./nll. 1.08216 gnl./ml. 1.07904 gm. /ml. 
8.3738 moles/l. 8.2451 moles/l. 8.2205 moles/l. 

Temp., Pressure, Temp., Pressure, Temp., Pressure, 
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HABGOOD AND SCHNEIDER: PVT MEASUREMENTS OF XENON 105 

TABLE II-(Co?tti?~z~ed) 

Temp., Pressure, 1 Temy., ,I Pressure, Temp., Pressure, 
atrn. atm. atm. 

I I I 

a n l a x i m u m  temperature of liquid-vapor coexiste?tce. 

1.00835 gm./ml. 
7.6798 moles/l. 

Temp., Pressure, 

1 ,06706 gm./ml. 1 1 . 0 5 1 1  gm./ml. 
8.1269 moles/l. 

Temp., Pressure, 

8.0321 molesjl. 

Temp., Pressure, 
C. 1 atm. -- atm. O C. I a im.  OC. I 

l- - 
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TABLE 11-(Co7zclitdcd) 

Temp., Pressure, Tenlp., Pressure, Temp., Pressure, 
atm. atm. 

1.30 1.20 1.10 1.00 0.9 0 0.8 0 0.7 0 0.6 0 
DENSITY,  GM./ML.  

FIG. 2. Pressure-density isotherms of xenon plotted from isochore measurements. Densities 
a t  which measurements were made are indicated by arrows a t  the bottom of the figure. 
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HABCOOD AND SCHNEIDER: PT'T J fEASUREMENTS OF XENON 

FIG. 3. Pressure-density isotherms of xenon in the immediate neighborhood of the dritical 
point. 

Vapor Pressure 
Our pressure rneasurelnents in the two-phase region nlay be compared with 

the vapor pressure rrleasurements of Michels and Wassenaar (10). Four of 
their values between 12.86" C. ancl 16.04" may be compared with a smoothed 
curve through our values ancl this is shown in Table 111. The  difference 

TABLE I11 
VAPOR PRESSURE MEASUREMENTS 

COMPARISON WITH MICHELS AND M'ASSENAAR (9) 

I I I 

appears to  increase more or less regularly with decreasing temperature but 
since we have only one measurement near the lowest value, it is difficult t o  
tell whether this represents a significant trend. 

Temp., 
" C .  

Coexistence Curve 
The liquid-vapor coexistence curve shown in Figs. 2 ancl 3 is that cle- 

ternlined by Weinberger and Schneider (15). Our measurements were made 

Pressure, 
M. and W., 

atm. 

Pressure, 
N.R.C. (smoothed), 

atm. M. and 2- N.R.C. 
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less precisely than theirs which bracl<etecl the coexistence temperatures within 
one or two thousandths of a clegree by repeated heating ancl cooling. Within 
about 0.04" of the critical temperature we agree approxinlately with their 
curve but beyond that on the low density side our observations correspond to 
a shift of the coexistence curve by about lY0 towarcls higher clensity. Not 
enough measureinents were macle on the high clensit); side to decide whether 
this corresponcled to a shifting of the whole curve to higher clensities or just a 
slight narrowing of the two-phase region. 

Corrections for Nonuniform Density 
The isotherms a t  16.590°, 16.600°, and 16.620" in Fig. 3 have been corrected 

for the effect of the density graclient set up across the bomb due to gravi- 
tatioiial effects. This results in a difference between the average filling density 
and the density a t  the level of pressure measurement. Using the methocl 
described previously (15), a curve of density vs. height was calculated from 
the uncorrected isotherm (drawn from the data  in Table I ) .  The bomb was 
then imagined to be divided into horizontal layers each 1 inm. thick. Assu~ning 
a given density a t  the level where the pressure was measured, 1 mm. above 
the center, the corresponding densities in the various layers were obtained 
from the curve and the approximate average density of the bomb conteilts 
calculated. The  differences between these average densities and the clensities 
1 mm. above the center represented the corrections to be appliecl to the 
observed average densities. These corrections amounted to a maximum of 
0.03 gm./ml. and resulted in a shifting of the experimental points away froin 
the flattest part of the isotherms making the isotherms somewhat flatter still. 
In terms of pressure the maximum corrections, using the horizontal bomb, are 
only 0.0002 atm. and so may be neglected for most of the measuren~ents. 
They would probably be significant for the isotherm a t  16.585" but the calcu- 
lations were a little more uncertain here and were not carried out. 

DISCUSSION 

Critical Temperature 
We have taken the critical t empera t~~re  to be 16.590" as found by Wein- 

berger and Schneider. From our observations we believe that this represents 
within ~(0.002-0.003") the temperature of meniscus disappearance. When a 
critical filling of xenon a t  this temperature is allowed to settle after it has been 
thoroughly stirred, it separates after about one hour into two layers of rather 
light opalesce~lce separated by a band of clark brown opalescence. After 
12-24 hr. this band has become very dark and narrowed to about 1 mm. in 
thickness. I t  is not possible, however, to see a sharp surface. Lowering the 
temperature 0.002" to 0.003" produces a definite dividing line in the middle 
of the opalescent band. During the nleasurenlents a t  16.585" an unmistakable 
surface was present and the observed density range of the two-phase region 
was in good agreement with the coexistence curve of Weinberger and Schneider. 
At 16.600" and even a t  16.620" there was slow stratification on standing, with 
a middle layer of heavier opalescence which, however, did not become so 
concentrated as a t  16.590". 
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The critical temperature nlay also be estimated as the highest temperature 
a t  which (aP/ap)T = 0 by plotting the minimum slopes of the P-p  isotherms 
against temperature. The slopes were determined from large-scale plots and 
the minimum values are shown in Fig. 4. The three isotherms nearest the 

FIG. 4. Plot of the minimum slopes of the isotherms a t  and above the critical temperature. 
The inl~nediate critical region is shown in t he  insert. 

critical temperature can be drawn more accurately than the others which 
were taken from the isochore measurements and hence only included three 
densities above the critical density. Ho\irever, the graph gives no reason for 
believing that the maximum temperature of zero slope differs from the tempera- 
ture of meniscus disappearance. 

For carbon dioxide Michels et al. (9) found that (aP/ap),h was linear in 
temperature up to 0.5" above the critical temperature. MacCormack and 
Schneicler (6) for sulphur hexafluoride over a range of 1.5" founcl a curve 
somewhat similar in shape to ours. 

Critical Density 
The critical density may be estimated, in a manner similar to that used for 

the critical temperature, by plotting the densities of minimum slope of the 
isotherms against temperature. This has been done in Fig. 5. A straight line 
through the points indicates a critical density of 1.099 gm./ml. but it  is 
doubtful from the scatter of the points whether the assunlption of such a 
linear relationship is justified. The rectilinear diameter for the liquid-vapor 
coexistence curve found by Weinberger and Schneider is also shown in Fig. 5 
and this gives a critical density of 1.105 gm./ml. As stated earlier, our co- 
existence observations would indicate, if anything, a still higher critical 
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I- - R E C T I L I N E A R  
m 
Z D I A M E T E R  

FIG. 5. Densities of ~nini~nuln slopes of the isotherrns a t  and above the critical temperature. 
The rectilinear dialneter of the liquid-vapor coexistellce curve is also shown. 

density. Thus, i t  appears u111ikely that a linear continuation of the rectilinear 
diameter above the critical temperature would include the densities of mini- 
nlunl slope of the isotherms. The coexistence curve reported by Whiteway 
and RiIason gave a critical density of 1.110 f 0.002 gn~./ml. 

An alternative method of estimating the critical density from the PVT 
measurements is to plot (d2P/dT" a t  the critical temperature against density, 
the critical density then being the density where this quantity becomes zero. 
Such a plot is shown in the following paper and it also gives a value for the 
critical density of 1.099 gm./ml. 

Critical Pressure 
The critical pressure is obtained directly from the critical isotherm as 

57.636 f 0.005 atm. 

Relationsltip to Theories of the Critical State 
Mayer has recently discussed (7) the status of three of the current theories 

which predict the nature of the critical isotherms. The simple "derby hat" 
picture of Mayer and Harrison (8) predicts flat, horizontal isotherms a t  
temperatures above the temperature of nleniscus disappearance; the modified 
"derby hat" theory of Rice (12) predicts a flat, horizontal critical isotherm 
with linear but sloping isotherms inlmediately above the critical temperature; 
and the singular point theory of Zimm (19) describes the critical point as a 
singularity in the critical isotherm where all derivatives of P wit11 respect to p 

are zero. 
Our critical isotherm is significantly flatter and broader than that  corre- 

sponcling to the van der Waals ecluation and, indeed, over a short density 
range and within the experimental uncertainty could be fitted as well to a 
horizontal line as to a curve. I t  was shown in a previous publication (16) that 
the observed density distributions resulting from the gravitational field in a 
vertical tube a t  the critical point are not in good agreement with a van der 
Waals isotherm but can be quantitatively accoiu~lted for by the present 
isotherm. 

Our nleasurements offer no support for the Mayer-Harrison theory since 
there is no obvious region of flat, horizontal isotherms above the critical 
temperature. The  isotherms could be easily reconciled with either the second 
or third theory although Rice's theory would predict a flattopped coexistence 
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curve whereas the observecl coexistence curve (15) appeared to be definitely 
rounded a t  the apex. 

In  connection with the third picture we have calculated ( d z P / d p 2 )  by 
numerical differentiation from our smoothed critical isotherm. These values are 
plotted in Fig. 6 together with the corresponding values calculated for a van 

FIG. 6. #P/ap" for the critical isotherm and for a van der Waals isotherm. 

der Waals critical isotherm using the experime~ltally determined critical 
constants. The degree to  which the experimental isotherm is flatter than the 
van der Waals isotherm is clearly seen. The curve from the experimental 

isotherm, while having a considerable degree of uncertainty, suggests that a t  
the critical point the third derivative of P with respect to p  is very close to 
zero and the fourth derivative is identically so, since this is a point of inflection. 
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THE PHOTOLYSIS OF MERCURY DIMETHYL WITH DEUTERIUM1 

BY RICHARD E. REBBERT~ AND E. W. R. STEACIE 

ABSTRACT 
Mercury dimethyl was photolyzed in the presence of deuterium in the 

terllperat~~re range from 27°C. to 253°C. The activatiorl energy for the r eac t io~~  
CH3 + D2+ CHID + D 

was found to be 12.7 f 0.5 kcal./mole. This is in satisfactory agreement with 
the work done with acetone and deutcri~lm. 

INTRODUCTION 

Recently a very extensive investigation was carried out in this laboratory of 
the reaction of methyl and deuterated inethyl radicals with hydrogen, cleuter- 
ium, and deuterium hydride (2, 7). However, in all this work the methyl radicals 
were obtained from the photolysis of acetone and the temperature was kept 
above 135°C. I t  was thought profitable to reinvestigate some of these reactions 
using illercury dimethyl as the source of methyl radicals. 

Earlier work using the photolysis of mercury dimethyl to investigate the 
reaction 

C H s + H z + C H 4 +  H 

gave a very definite curvature in the Arrhenius plot below 100°C. (4). This has 
been interpreted by some as evidence of "hot" radicals. However, above 100°C. 
the activation energy obtained agrees very well with the results froin the 
photolysis of acetone with hydrogen. Unfortunately the amount of methane 
obtained a t  very low temperatures is too small to measure accurately. Phibbs 
and Darwent decomposed about 30 per cent of their mercury dimethyl a t  low 
temperatures in order to get enough methane to measure accurately. However, 
i f  deuterium is used in place of hydrogen, one needs only to measure the ratio 
CH3D/CH4 which can be done fairly accurately on a mass spectronleter even 
a t  low teinperatures and low percentage conversions. This was our reason for 
choosing deuterium. In the present work the CH3D/CH4 ratio was in the range 
1.00 to 3.00. In this range the ratio can be determined with an accuracy of 
froill 2 to 4%. 

EXPERIMENTAL 

The apparatus was the same as that used in the previous work on the photo- 
lysis of mercury dimethyl (6) with the exception that a palladium thimble was 
used to get rid of the excess deuterium after photolysis and also to purify the 
deuterium before the reaction. 

The quartz reaction cell had a volume of 179.5 cc. and since the light beam 
alnlost conlpletely filled the cell, the volume of the cell was considered to be the 

1 Manziscript received September 17,  1953. 
Contribution from the Division of Pure Chemistry, National Research Cozincil, Ottawa, 

Canada. Issued as N.R.C. No. 3159. 
2 National Research Council of Canada Postdoctorate Fellow 1951-53. 
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reaction volume. Neutral clensity filters were used a t  low temperatures to reduce 
the intensity in the hope of increasing the amount of methane formed relative 
to the ethane formation. 

Afaterial 
The mercury dimethyl \\ras obtained from the Delta Chemical Works and 

fractionated. I t  mas better than 99 per cent pure. Commercial cylinder deuter- 
ium was used and this was purified by passing it  through a pallaclium thimble 
a t  approsinlately 350°C. This was analyzed on the mass spectrometer and 
contained 3% H D  and a very small amount of 132. A small correction \\(as 
applied for the presence of deuterium hyclride. 

When mercury dimethyl is photolyzed alone methane and ethane are pro- 
duced by the reactions 

CHs + Hg(CH3)Z --t CH4 + CHXHgCI-Iz 11'1 

and 

2CH3 --t CzHs. 

In the presence of deuterium me also have the reaction 

CH3 + Dz -+ CH3D + D. PI 
Also, owing to the 3y0 HD, we will have the following reactions occurring to a 
small extent - 

C H 3 + H D - + C H 4 + D  13 1 

TIILIS the total rate of formation of deuterated lnetllanes will be 

REH,D = RIHJD + R ~ H ~ D  = ~~[CHS:I[DZ] + k4[CH3][HD] 

and the total rate of formation of methane will be 

R ~ H ,  = REH, + R : ~ ~  = ~ I ' [ C H ~ ] [ H ~ ( C H ~ ) ~ ]  + k3[CH3:1[HD]. 

Therefore, we have 

We call measure the ratio REH3D/RzH4 011 the mass spectrometer. We know the 
concentration of mercury dimethyl, deuterium, and deuterium hydride. kll/k$ 
was previously measurecl (5), and k3/k$ and kl/krf have been determined by 
Whittle and Steacie (7). The second and third terms in the above equation are 
the correction terms needed because of the presence of deuterium hydride in 
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the deuterium sample. Together they amount to about 10 per cent of the 
uncorrected term. 

There is no doubt that the above mechanism is incomplete and that there are 
some complications (1, 3). However, a recent investigation (5) has shown that 
under  the conditions used here the simple mechanism is adequate. 

The intensities employed in the present iilvestigation were varied a t  different 
temperatures in order to obtain sufficient methane to permit accurate analysis. 
In all cases, however, the intensities were in the range in which we have prev- 
iously shown (5) that the ratio kl/k2; is independent of intensity. The experi- 
ments in the temperature range 378-526°C. were a t  the same intensities as the 
highest intensity runs in the previous work. The run a t  347°C. was a t  an inten- 
sity one-half as great, and those a t  the lowest temperatures were a t  intensities 
1/15tb as great. 

Reszllts 
The results are given in Table I and they are plotted in Fig. 1. Also in Fig. 1 

the results froin the photolysis of acetone with deuterium (2) are plotted. The 
agreement between the two sources of methyl radicals is seen to be very good. 
The best line through the points has been found by the method of least squares 
to be 

13 + log kl/kzi = 6.70 - (2778/T). 

FIG. 1. Reaction of methyl radicals with deuterium. 
Open circles-mercury dirnethyl photolysis. 
Filled circles-acetone photolysis. 

The slope of this line gives a value of 12.7 kcal. per mole for El - 3Ez. The 
results from acetone give 11.7 kcal. per mole for this activation energy. Usually 
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TABLE I 
THE PAOTOLYSIS OF MERCURY DIMETHYL WITII DEUTERIUM 

Temp., "I<. 
Pressure of Pressure of 
Hg(CH3) 2, CHzD/CH1 kl /ku :  x 1013 

mm. 

about 5 per cent of the mercury dimethyl was decomposed and in no case was 
more than 10 per cent of the mercury dimethyl photolyzed. 

DISCUSSION 

The present work gives added proof in support of the lower value for the 
activation energy, namely about 12 lccal. per mole, for the reaction of a methyl 
radical with deuterium. Thus we have the following situation for this reaction - 

El in kcal. per mole 
Majury and Steacie (source: acetone) 11.7 
Whittle and Steacie (source: acetone) 11.8 
Davison and Burton (source : acetone) 12.2 - 12.7* 
Rebbert and Steacie (source: mercury dinlethyl) 12.7 

*Corrected by WGnetz and Sleacie, Faraday Soc. Discztssions, 14: 118. 1953. 

In view of this agreement we consider the low value for this reaction to be 
established. 

The agreement between results with acetone and mercury dimethyl indicates 
that the results are not affected by "hot" radical effects, under the conditions 
employed. Even a t  room temperature, under our conditions, there are no 
indications of any deviation from the Arrhenius plot on this account. This does 
not, of course, preclude the occurrence of hot radical effects with mercury 
dimethyl under certain special conditioils (3). 
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HYDROGEN PEROXIDE: THE LOW TEMPERATURE HEAT 
CAPACITY OF THE SOLID AND THE THIRD 

LAW ENTROPY1 

BY PAUL A. G I G U ~ R E ~ ,  I. D. L1U2p3, J. S. DUG DALE^, 
AND J. A. MORRIS ON^ 

ABSTRACT 

The heat capacity of crystalline hydrogen peroxide between 12" I<. and the 
melting point has been determined with a low temperature adiabatic calorimeter. 
The  heat of fusion was also measured and found to  be 2987 f 3 cal./mole. 
The two samples of hydrogen peroxide used were 99.97 mole % pure as deduced 
from behavior on melting and from premelting heat capacities; the triple point 
was estimated to  be 272.74" I<. 

The only anomaly observed it1 the heat capacity measuren~ents was the 
absorption of 1.3 cal./mole a t  216.8 f 0.15" K., the lower eutectic temperature 
of H20-Hg02 solutions. Such an effect is to  be expected if the only significant 
impurity is water. The entropy of hydrogen peroxide as  an  ideal gas a t  1 atm. 
pressure and 25" C. computed from the thermal measurements is 55.76 f 0.12 
cal./mole deg. Comparison of this datum with the recalculated statistical entropy 
leads to  a value of 3.5 kcal./mole for the height of a hypothetical single barrier 
hindering internal rotation in the molecule. From these results it is concl~~ded 
that  hydrogen peroxide does not consist of two tauton~eric modifications. 

INTRODUCTION 

Knowledge of the thermal properties of solid hydrogen peroxide has hitherto 
been fragmentary and uncertain (15, 5). The accurate determination of the 
heat capacity of the compound in the solid state down to low temperatures 
was considered to be of special interest, primarily because it  would make 
possible a calculation of the third law entropy. An X-ray investigation of the 
crystal structure of hydrogen peroxide ( I )  has shown that i t  should not retain 
any appreciable residual entropy a t  the absolute zero. On the other hand, 
evaluation of the statistical entropy of the ideal gas from structural and 
spectroscopic data  (7) is hampered by the lack of sufficie~lt infor~nation on 
the internal rotation of the two OH groups in the molecule. The potential 
barrier restricting that motion is expected to have two unequal inaxima (22). 
which makes difficult a rigorous calculation of the contribution of that internae 
degree of freedoin to the various thermodynamic functions. Another important 
point is the question of whether transitions (18) and tautomeric forllls (6) of 
hydrogen peroxide exist in the solid state (cf. Discussions of the Faraday 
Society, 14: 140-142. 1953). 

Because of the tendency of hydrogen peroxide to  decompose spontaneously 
in contact with rilost materials, the project held certain experimental diffi- 
culties. For convenience, the work was divided between two laboratories, one 

1 firanuscript received November I S ,  1953. 
Joint contribulio7~ from the Department of Chemistry, Laval University, Quebec, Quebec, 

and the Division of Pure Chemistry, National Research Cozcncil, Ottawa, Carrada. Issued as 
N.R.C. No.  3158. 

Laval University. 
Holder of a Fellowship from the Bureau of Scientific Research of the Province of Quebec- 

4 National Research Laboratories Postdoctora& Fellow. 
National Research Laboratories. 
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a t  Lava1 University where facilities existed for preparing the samples of pure 
hydrogen peroxide and for sealing thein in suitable containers, and the other 
a t  the National Research Council where the calorimetric meas~u-ei-r-rents could 
be made. 

EXPERInilENTAL 
The  Preparation of the Samples 

The starting material for preparing the pure hydrogen peroxide was the 
very stable goy0 solution supplied by the Buffalo Electro-Chemical Company. 
Some six liters of this solution was concentrated to about 99.60Jo hydrogen 
peroxide by clistillation a t  reduced pressure through a 1 meter fractionating 
column filled with sinall glass helices ancl heated electrically to prevent 
flooding. Extensive precautions were taken to  avoid contamillation of the 
solution. All glassware was treated with fuming sulphuric acid following the 
procedure recommended by Huckaba and Keyes (11). The still was assei-nbled 
through ground glass-joints on which only a trace of silicone grease was used. 
A fritted glass disc was placed on the vacuum line to filter off all dust particles 
from the air let in after a distillation. 

Further concentration of the peroxide was achieved by fractional crystal- 
lization as described elsewhere (4). The apparatus was made simpler by using 
a straight filtering tube with the two flasks connected a t  each end. For sepa- 
rating the solid from the mother liquor the whole assembly was merely turned 
upside down and then suction was applied a t  the outlet tube. The entire 
operation was rendered still more effective by growing a single large crystal 
instead of a mass of tiny ones. T o  this end the flask filled with some 700gm. 
of concentrated peroxide solution was wrapped in a thick glass-wool lagging 
before it was placed in an ice machine a t  - 10' C. Crystallization was initiated 
by seeding and it  proceeded very slowly (two days for solidification of about 
goy0 of the sample). The progress of purification was followed by measuring 
the freezing point (4) which did not change further after three or four opera- 
tions. 

The  Calorimeter Vessels 
Having once prepared the pure hydrogen peroxide it was important that  

i t  should not come in contact with anything except very inert materials such 
as specially treated glass or pure aluminum. For this reason and because 
glass-to-aluminum seals are not available, the calorimeter vessels were made 
entirely of pure (IS) aluminum. As will be seen from Fig. 1, the coilstruction 
was such that no soldering or brazing was used. The tapered re-entrant well 
in the base of the calorimeter receives the thermometer-heater assembly. 
With this design the thermometer may be attached after the filling of the 
calorimeter is completed. The resistance thermometer and calorimeter heater 
were cast with Wood's metal into a tapered brass tube which fitted closely 
the tapered re-entrant well. The  brass tube was held firmly in place with 
a threaded collar which screwed into the bottom of each vessel. Thermal 
contact between the brass tube and the well was enhanced by  a light film of 
silicone grease. 
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ALUMINUM 

WOODS METAL 

t : I INCH 

WELD 

FIG. 1. Aluminum calorimeter vessel. 1. Point of attachment of difference thermocouple. 
2. Tapered brass tube. 3. Platinum resistance thermometer. 4. Anchoring ring for lead 
wires and radiation shield. 

The  Filling of the Calorimeter Vessels 

Although special precautions were taken in assembling the caloriilleter 
vessels, their inside surfaces needed extensive passivation treatment before use. 
This long and tedious operation involved the following steps. The metal was 
first degreased by rinsing with acetone and then treated for a few minutes 
with a 3y0 solution of sodium hydroxide followed by  numerous rinsings with 
distilled water. Thereafter each vessel was filled with 25% nitric acid, allowed 
to stand for several hours, and washed again thoroughly with distilled water. 
Finally, repeated fillings with solutions of hydrogen peroxide of increasing 
concentration from 30% to 99% over a period of a few weeks brought the 
surfaces to a satisfactory level of inertness in the case of three out of the six 
vessels originally made. The rate of decomposition of 99y0 hydrogen peroxide 
in these was of the order of 0.001% in 24 hr. a t  room temperature and less 
than one tenth of this a t  0°, which was deemed entirely safe. 

After prolonged evacuation for drying, the vessels were filled with helium 
gas a t  atmospheric pressure for better thermal concluctivity, and the pure 
liquid peroxide was poured in directly. A temporary closure was effected a t  
once by pinching off the thin filling tubes, and after the vessels were accurately 
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weighed, the tubes were welded in an argon arc with the coritainers ilnlnersed 
in ice water to prevent decomposition of the peroxide. They were then cooled 
gradually to the temperature of dry ice and were kept a t  this temperature 
during transport to the National Research Laboratories in Ottawa. I t  was 
assumed that the rate of deconlposition of the frozen peroxicle would be 
negligible, and this was co~lfirmed by the subsequent experiments. At no time 
during the experiments was there any sign of thermal effects due to decoinpo- 
sition of the hydrogen peroxide. 

The Cryostat 
The cryostat used for this work was similar to one already described in a 

previous publication (20). Adiabatic operation was possible over the entire 
temperature range from 11" K. The design of the cryostat proved to be 
particularly convenient for mounting the calorimeter vessel without melting 
the sample of hydrogen peroxide. By careful arrangement of the procedure it 
was possible to assemble the cryostat in about an hour, during which time the 
temperature of the calorimeter vessel rose from that of dry ice to about - 5" C. 

The  &Ieasurements 
The resistance of the platinum thermoineter and the energy supplied to the 

calorimeter were measured after the methods which have become standard 
for this type of worlc (26). All of the measurements were made with a White 
double potentiometer. The  standard resistors and standard cells have been 
checlced periodically against standards maintained by the Division of Physics 
of the National Research Laboratories. Time of input of energj7 to the calori- 
meter was determined with a synchronous cloclc operated from a constant 
frequency power supply through a switch coupled directly to that controlling 
the heater current. The  indications of the clock have been checked many times 
by comparison with the time signals from the Doininion Observatory. The  
error in the clock has never exceeded 0.02 seconds. Platiiluill resistance 
tliermometer T-3 was used for this worlc. The  calibration of this thermometer 
has been described elsewhere (14). 

RESULTS 

The Heat Capacity 
Of the three different samples of hydrogen peroxide prepared in separate 

calorimeter vessels only two were used for the measurements (containing 
3.3706 and 2.9175 moles respectively). Since it was not known beforehand 
whether or not the peroxide would decompose appreciably on melting (8), 
it seemed preferable to measure the heat capacity with one sample and the 
heat of fusion with the other. 

The  results are given in Table I as smoothed values of the heat capacity a t  
rounded values of the temperature. (In all the calculations the calorie was 
taken equal to 4.184 absolute joules). The  difference plot in Fig. 2 shows the 
deviations of the experimental results from a smooth curve. I t  will be noted 
that over most of the temperature range the mean precision was better than 
0.1%; below 30" K. the uncertainty was greater (of the order of 0.3%). 
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TABLE I 
THE HEAT CAPACITY OF SOLID HYDROGEN PEROXIDE 

I I I I 

cal./mole deg. cal./mole deg. 

I 

Marked prenrelting. 

Premelting of the solid became evident around 250" K. as illustrated in 
Fig. 3. A few measurements of the heat capacity of the second sample made 
in the region above 250" I<. yielded results indistinguishable from those 
obtained with the first sample. The dotted line in Fig. 3 represents the heat 
capacity of pure solid hydrogen peroxide estimated as described below. Calcu- 
lations showed that  the correction to be applied for evaporation into the dead 
space of the calorimeter was negligible. 

During the heat capacity measurenlents on the first sample a small ab- 
sorption of energy was detected around 217" K. The  amount of heat involved 
seemed to depend upon the extent to  which the calorimeter had been cooled 
previously. After cooling to temperatures below 77" K., the energy amounted 
to 3.4 cal. while with cooling to around 200" K. it was only 1.9 cal. An attempt 
was made to determine the temperature region over which this energy was 
absorbed by following the temperature of the calorimeter while it received 
energy a t  a constant rate from its surroundings. From this experiment i t  
appeared that the heat was absorbed between 216.78" and 216.94" K. Tha t  

+ this effect was due to the melting of an eutectic mixture of hydrogen peroxide , 

and the addition compound H202. 2H2O is suggested by two facts. First, the 
temperature region is very close to the eutectic temperature reported by 
Foley and Giguitre (216.7" K. (4)). Second, assuming the eutectic mixture to 
be an ideal one and the inlpurity present (0.032 mole yo-see below) to be 
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TEMPERATURE, *K .  

FIG. 2. Deviations of experimental heat capacities fro111 a smooth curve. 

entirely water, the calculated energy to be expected a t  theeutectic temperature 
is 3.9 cal., which agrees very well with the maximum amount found experi- 
mentally. 

Apart from this absorption of energy, no other anomalies were observed. 
I t  is estimated that a t  the higher temperatures any transition involving an 
energy greater than 0.1 cal./mole concentrated in a teinperature interval of 
4" or less would be detected in these measurements; a t  the lower temgeratures 
even smaller quantities are detectable. 

The Ileat of Fusion 
The heat of fusion of hydrogen peroxide was determined by measuring the 

energy required to heat the calorimeter and the second sample over a tempera- 
ture interval which included the triple point. From this quantity was sub- 
tracted the energy required to heat (a)  the pure solid up to the triple point, 
(b) the liquid from the triple point to the final temperature, and ( c )  the calori- 
meter vessel from the initial to the final temperature. The premelting energy 
is then included in the heat of fusion. The value so obtained was 2987 f 3 cal./ 
mole which may be compared with 2920 cal./mole determined by Foley and 
Gigu6re ( 5 )  using an ice calorin~eter. The latter value is based upon a rather 
uncertain estimate of the heat capacity of the solid just below the melting 
point. However, using the corrected heat capacity of the solid does not remove 
the discrepancy. 
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FIG. 3. The heat capacity of solid hydrogen peroxide in the premelting region. 
0 - Sample 1. - Sample 2. - - - - - Pure solid (equation [I]). 

Tlze Purity of the Sanzples 
The melting temperatures as a function of the fraction melted are given in 

Table 11. From these results the calculated triple point of hydrogen peroxide 
is 272.74" K. and the estimated impurity content 0.032 mole %. 

TABLE I1 
THE MELTING POINT OF Hz02 

(0" C. = 273.16" K.) 

% Melted T ,  I<. 

Impz~rity: 0.052 mole %. 
Triple point: 272.74' K. 

The degree of purity of the hydrogen peroxide used could also be estimated 
from the heat capacity in the prenlelting region. The  excess heat capacity was 
calculated using (a) the phase diagram for the system H20-H202 (4) and 
(b) a constant value for the heat of fusion (2987 cal./mole). The amount of 
impurity was then so chosen that the derived heat capacity of the pure solid 
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was a linear function of the temperature. A calculated impurity of 0.038 mole 
Ujo together with the expression for the heat capacity of the pure solid (plotted 
in Fig. 3) 

[I-] C, = 2.31 + 0.03967 T cal./mole deg. 

suflice to represent the experimental results very closely between 220" and 
271" I<. The good agreement between the estimates of impurity from the 
melting temperatures and from the prelnelting heat capacities, as well as  the 
shape of the heat capacity curve in the prelnelting region (2) provide definite 
evidence that tlle impurity (water) does not form solicl solutions with hydrogen 
peroxide. This coilfirms the results of two independent investigations of phase 
equilibria in this binary system (4, 18). 

DISCUSSION 

The  first important conclusion to be drawn from the above results is that  
there are no transitions either of the first or the second order in solid hydrogen 
peroxide, notwithstanding assertions to the contrary (18). This provides 
further evidence that ordinary hydrogen peroxide contains no measurable 
proportion of a tautomeric form, HZO-0, as has been suggested (29). Numer- 
ous struct~iral st~idies as well as recent measurelnents of the magnetic suscepti- 
bility of the solid (21) and of the ionization potential of the molecule (25) may 
be cited in support of this conclusion. On the other hand the possibility is not 
ruled out that an ~lnstable isonler, such as proposed by Geib and Harteck (6), 
could be formed under special conditions (low temperature reaction between 
oxygen and atomic hydrogen, etc.). But this hypothetical isomer should not 
be reversibly convertible into normal hydrogen peroxide. 

The  present results for the heat of fusion and the triple point of hydrogen 
peroxide lie outside the limits of error assigned by Foley and Gig~16re for their 
determinations (4, 5). Because the experimental method ~ised this time was 
nl~ich more accurate there is no q~lestion that the new values are to be pre- 
ferred. The limitations of the freezing point method for measuring melting 
points are well known (3). That  thermodynamic equilibri~irn was not perfectly 
realized in the determinations by the above authors was indicated by the 
uncertainty of their calculated melting point a t  zero impurity. fillore recent 
measurements made with an improved type of apparatus (9) have yielded a 
melting temperature of -0.43" C. for the pure compound (28) in agree- 
ment with the present value after correction for the pressure effect (5) 
(dt/dp = 0.007" atm.7) .  

I t  is perhaps worth emphasizing that the present calorimetric determin- 
ation of impurities in hydrogen peroxide is the most precise reported so far. 
The usual procedures based upoil chenlical ailalysis are not capable of an  
accuracy much greater than O.lyo. Because of this, previous workers have 
often assumed erroneously that they had succeeded in preparing 100% pure 
hydrogen peroxide. 

The Entropy of Hydrogen Peroxide 

The comp~~ta t ion  of the entropy of hydrogen peroxide from the thermal data 
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is outlined in Table 111. The contribution of the solid between 12' I<. and the 
triple point was deduced by integrating values of C,/T using Simpson's rule. 
Up to 250' I<. the values of C, were talcen from Table I and thereafter fro111 
equation [ I ] .  

TABLE 111 
THE ENTROPY OF H 2 0 2  

-- 
I 

I Cal./mole deg. 

AS (0" to  12' I<.) Debye extrapolatioi 
AS (12" to  272.74 " I<.) Solid 
AS272.740 (2987/272.74) Fusion 

Entropy of the liquid a t  272.74O I<. 

*AS (272.74" to  298.16' I<.) Liquid 
*AS?DB.,' (12330/298.16) Vaporizatior~ 

**AScompression R In (1.95/7GO) 
Correction for ideal gas 

Entropy of the ideal gas a t  
298.ltiU I<. and 1 atm. pressure 

* Reference ( I S ) .  ** Reference (67).  

An alternative calculation of the entropy of the liquid a t  the triple point 
was also made using only experimentally measured quantities. Up to 250' I<. 
the procedure was as above. From 250' I(. to the point where melting was 
complete, the total entropy was computed by means of the expression 

where AQ,, is the energy supplied in the nth heat capacity lneasuremeilt and 
T, is its mean temperature. From this was subtracted the increase in entropy 
of the calorimeter vessel. The result of this calculatio~l was within 0.01 cal./mole 
deg. of that given in Table 111. Thus, to this degree of precision the entropy 
of the liquid is independent of any assumption concerning the behavior of the 
heat capacity of the pure solid in the premelting region. 

The specific heat of the liquid was talcen as 21.35 cal./mole deg. and the 
latent heat of vaporization as 12.33 kcal./mole a t  25' C. from the results of 
recent redeterminations to be published soon (19) .  For the entropy of com- 
pression to one atmosphere the equilibrium vapor pressure of hydrogen 
peroxide a t  25'C. (1.95 mm. Hg) was obtained by extrapolation of the 
equation of Scatchard and co-workers (27) .  Finally, the Berthelot equation 
of state with the approximate critical constants Tc = 459' C. ( l G ) ,  PC = 

240 atm. (13) ,  was used to evaluate the small correction for gas imperfection. 
The value thus obtained for the third law entropy a t  25' C. is significantly 

higher than the entropy calculated previously by the statistical method 
(54.18 cal./mole deg. ( 7 ) ) .  Since the various structural and vibrational data of 
the molecule are lcnown with fair accuracy, except those pertaining to the 
internal rotational mode, it was obvious that the discrepancy was to be traced 
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to the latter. On reviewing the statistical calculations, it was discovered that 
an error had been made in selecting a value for n in the expression for the 
rotational partition function (10) 

Although the potential energy restricting free rotation about the 0-0 bond 
exhibits two maxima, these are unequal and therefore distinguishable. Conse- 
quentl)., n in equation [3] must be taken as 1 and not 2 as was chosen previ- 
ously. After correcting this term, the statistical entropy is only 0.45 units 
smaller than the third law entropy, and the two can be made equal by using 
a barrier height of about 3.5 kcal./mole (instead of 5 kcal./mole as in the 
earlier calculations (7)). Hitherto, values ranging from a few hundred 
calories (17) up to 12 kcal./mole (12) have been proposed for the potential 
barriers in hydrogen peroxide. The various thermodynamic functions for 
gaseous hydrogen peroxide have been recalculated up to 1500' I<. (Table IV), 

GOO 1 53.38 1 10.85 1 64.23 1 13.28 1 6511 

TABLE IV 
REVISED VALUES OF THE THERMODYNAMIC FUNCTIONS FOR HYDROGEN PEROXIDE GAS 

AT 1 ATM. PRESSURE 

the contribution of internal rotation being estimated. after the method of 
Pitzer and Gwinn (24) with a barrier height Vn = 3.5 kcal./mole and the 
simple sinusoidal potential function 

[4l V = +Vn (1 - cosno). 

T. 
" K. 

Because of this approxinlation there still remains some uncertainty in the 
revised thermodynamic quantities, especially a t  the higher temperatures. 

The internal rotational inode may be treated differently, namely as a 
double minimum oscillator such as the ammonia molecule. Then a satisfactory 
approximation consists of talcing the energy levels for an equivalent single 
minimum oscillator with each level being doubly degenerate (23). This is 
tantamount to adding an R In 2 term to the entropy and free energy functions. 
However, here again the calculated functions will be less accurate a t  higher 

- FO - fIoo , 
T 

cal./rnole deg. 

IT0 - Ho0, 

cal./mole deg. 
- 

H0 - Hoo , I So, 

T~ cal./mole deg. cal./mole deg. 
I 

cO, 
cal./mole deg. 
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temperatures because then the molecules change gradually from pure oscil- 
lation towards free internal rotation. I t  turns out that the values of the entropy 
calculated by the two methocls agree fairly well even a t  1500' I<.* but the 
enthalpy and heat capacity functions are appreciably different. More exact 
calculations of these various quantities must await further spectroscopic data 
and an adequate theoretical treatment of the molecule. 
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RBSUME 
La capacitC calorilique du peroxyde dlhydrog&ne A 1'Ctat solide a CtC mesurCe 

entre 12' I<. et le point de fusion au moyen d'un calorim&tre adiabatique. La 
chaleur latente de fusion a Cgalement CtC dCterminCe et trouvbe &ale A 
2987 f 3 cal./mole. Les deux Cchantillons de peroxyde d'hydrogsne qui ont  
servi pour ces mesures Ctaient d'un haut degrk de puretC, soit 99.97 mole yo, 
ainsi qu'il ressort des variations de la capacitk calorifique qui ont prCcCd6 
fusion. De ces mernes clonnCes on a dCduit que le point triple du peroxyde 
dlhydrog&ne se trouve B 272.74' I(. 

La seule anomalie que l'on ait  rernarquCe au cours des mesures fut l'absorp- 
tion d'une faible quantitC de chaleur, 1.3 cal./mole, A 216.8" I<., le point 
eutectique des solutions concentrhes du peroxyde d'hydrogsne. Cette observa- 
tion conduit au meme rksultat que celui dCjA mention& pour la purete des 
Cchantillons employks. 

A partir de ces donnCes on peut calculer l'entropie calorimCtrique d u  
peroxyde d'hydrogcne considCrC comine gaz parfait A 25" C. et B 1 atm. E n  
cornparant cette valeur, (55.76 f 0.12 cal./mole deg.) avec celle que donne 
la mCthode statistique il appert que la rotation interne des deux groupes OH 
dans la lnolCcule est g&nCe par une Cnergie potentielle Cquivalente B un seuil 
unique d'environ 3.5 Itcal./mole. 
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THE MECHANISM OF THE HYDRATION OF TRICALCIUM 
SILICATE AND b-DICALCIUM SILICATE1 

ABSTRACT 

1,abelled tricalcium silicate, prepared by heating together inactive dicalciu~n 
silicate and lime lal~elled with Ca'5, has been hydrated ill saturated solutions 
of calcium hydroxide a t  21°C. Parallel studies of the rate of lil~eration of lime 
due to hydrolysis and the coincident appearance of Cais in the solution indicate 
that the Ca0:SiOz ratio in the precipitated hydrated silicate is 3:2. A similar 
result is obtained when inactive tricalcium silicate is hydrated in an active lime 
solution. Comparable studies on the hydrolysis of labelled P-dicalcium silicate 
indicate the forn~ation of a product with the same CaO:SiO? ratio. The method 
appears to have rather general application. 

INTRODUCTION 

In the well ltnown "crystallization theory" of the hydration of Portland 
cement, it is assumed that  the anhydrous compounds pass into solution, 
with or without hydrolysis, forming hydrated products of lower solubility 
which separate from the supersaturated solution. The  condition of super- 
saturation is maintained as long as any of the more soluble anhydrous sub- 
stances remain in contact with the solution. Thus,  during complete hydration, 
the hydraulic compounds "pass through" the liquid phase although the 
amount dissolved a t  any given moment may be very small. 

Many studies have been made on the hydration of the calcium silicates, 
considered to  be present in Portland cement, and on the co~riposition of 
the products obtained. Using silica sol and solutions of calcium hydroxide 
Le Chatelier (3,  pp. 59-62) obtained hydration products with Ca0:Si02 
ratios varying between 1 and 1.7, depending on the concentration of lime 
in the solution a t  the end of the precipitation. He fou~ld that the only product 
to  which the properties of a definite chemical con~pound could be attributed 
had the composition, CaO.Si02.2+HzO, and considered that  the lime present 
in excess of this ratio was "fixed by a phenomenon of superficial attraction 
well known for finely divided chemical precipitates." 

Le Chatelier (3,  p. 84) assigned this fornlula to the chemical compound 
obtained on hydration of the silicates present in Portland cement. Many 
later investigators have arrived a t  similar conclusions while others have 
considered that ,  under the conditions existing in mortars and concrete, 
compounds with CaO:Si02 ratios of 3:2 or 2 : l  are formed. A summary of the 
literature on the hydration of Portland cement a11d of the pure cement 
compounds a t  ordinary temperatures has been conlpiled by Steinour (6). I t  
is interesting to note that  in the latest studies on hydrated calcium silicates 
a t  ordinary te~nperatures, Taylor (4, 5) has concluded that  the product 
formed a t  concentratio~ls of calcium hydroxide somewhat below saturatio~l 
has a CaO:Si02 ratio varying from 1 to 1.5 and states that his X-ray data 
are consistent with the view tha t  the lime in excess of a ratio of 1 : l  is held 

illanuscript received Seplen~bcr 23, 1953. 
Contribzition fronz the Department of Chemistry, University of Saskalchewan, Saskatoon, 

Sask., w i t l ~  financial szrpport from the Natiorzal Rescarch Council of Canada: 
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either in the adsorbed state or in solid solution in a zeolite type of crystal. 
He found, however, that on hydration of tricalcium silicate a t  1'7OC. in a 
solution approaclling saturation with lime (>1.13 gnl. calcium osicle per 
liter), a product with a CaO:SiO2 ratio of 2: l  nras formed, giving an X-ray 
pattern diflering slightly from that of the product obtained a t  the lower 
coi~centrations of lime. 

I t  is evident that a quantitative chemical study of the hydration products 
of Portland celllent during the course of the hydration presents great difficulties 
on account of the intiinate mixture of several con~pounds and of the lack 
of effective methods for separating the hyclration products from each other 
and from the unhydrated material. Even when the pure silicates are used, the 
latter difficulty applies. Furthermore, complete hydration ancl uniform 
hydration products are not easily obtained. 

The availability of radioactive calcium-45 as a tracer has opened LIP new 
inethods for the study of the mechanism of the hyclration, both of cements 
and of the pure cement compo~~nds.  For instance, in the study of the hydration 
of the silicates one may incorporate Ca4j in the anhydrous silicate and hydrate 
the product in water or in a solution of calciun~ hydroxide. As an alternative, 
the inactive* silicate may be hydrated in a solution of calcium hydroxide 
labelled with the isotope, Ca4j. By following the rate of liberation of linle due 
to hydrolysis and the coincident appearance of Ca4j in the solution, or in the 
second case by determining the simultaneous rate of removal of Ca4j from 
the solution by tlle precipitation of the hydration product, one obtains ex- 
periinental data which appear to distinguish decisively between postulated 
CaO:Si02 ratios for the composition of the precipitated hydrated silicate 
under the experimental conditions used. 

The data reported in the present paper deal with the hydration of tricalcium 
silicate and fi-dicalcium silicate a t  21°C. in sliglltly supersatured solutions 
of lime, thus approximating the condition of lime saturation present for the 
most part during the hydration of the silicates in rich inortars and concrete. 

MATERIALS 

The chemicals used in the preparation of the silicates and the solutions 
of calcium hydroxide were of very high purity. 'Reagent' ca lc i~~m carbonate, 
1-eprecipitited from dilute solution, contained negligible amounts of impur- 
ities. The silica gel (lGYo HzO) had initially a nonvolatile residue with hydro- 
fluoric and sulphuric .acids of O.lGY, and passed a 325-mesh sieve (<44  
microns). After extracting with hydrochloric acid and washing free from 
chlorides, the nonvolatile residue was <O.OGYo. Determination by flame 
photometer gave 0.004Yo sodium oxide and <O.OO1~o potassiun~ oxide. 

Preparation of the Silicates 

Carefully proportioned mixtures of calcium carbonate and silica gel in 
the CaO:SiOz ratio of 2: l  were given a preliminary ignition in platinum 
crucibles in a muffle furnace, the temperature being raised gradually to about 

*U?~less otherwise indicated the terlns "activr" and   acti active" will refer o d y  to tlte radio- 
activity of tlte nzalerials tclzder discussion and not to che?r~ical activity. 
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950°C. to avoid mechanical loss. Two ignitions in the temperature range, 
1400 to 1700°C. in an induction furnace followed. The product "dusted" 
ant1 passed a 200-mesh sieve (<74 microns) without grinding. A sample of 
y-dicalciun~ silicate labelled with Ca45 was thus prepared and converted to 
/3-dicalcium silicate by heating a t  950 to 1000°C. and cooling rapidly. After 
several prolonged heatings microscopic examination inclicated that less than 
17,  remained in the y form. Tests for free lime were negative. 

A second sample of -y-dicalcium silicate which was not labelled with Ca45 
was prepared for use as the starting material for the preparation of tricalciunl 
silicate. The product was mixed in stoichiometric proportions with Ca45 
labelled calcii~m carbonate and, after a preliminary ignition to 950°C., was 
heated repeatedly in the induction furnace in the 1400 to 1700°C. range 
with rapid cooling and intermediate grinding to  pass a 325-mesh sieve (in 
dry air, using a dust-tight safety chamber) until tests for free lime were 
negative, or only a small quantity was found by the alcohol-glycerol method. 
Four labelled samples of tricalcium silicate (and a fifth unlabelled) were 
prepared in the course of the present work. 

Calcium HyrEroxide 
The solutions of calcium hydroxide were prepared from freshly ignited 

calcium oxide which was shalten in stoppered bottles of glass or polyethylene 
in a room thermostated a t  21.0 f O.l°C. Supersaturated solutions were 
quickly formed and the shaking was continued until saturation was ap- 
proachecl. The concentration of the solutions was determined by titration 
with 0.06 molar hydrochloric acid which was standardized against a very 
pure sample of calciu~n carbonate as well as against calcium hydroxide sol- 
ution, the concentration of which had been cleterminecl by precipitation of 
the calcium as oxalate. Special precautions were taken against access of 
carbon dioxide to the lime and to the solutions of calcium hydroxide, and 
the water used was carbon-dioxide-free. The hydroxide solutions used a t  
various times contained from 1.135 to 1.244 gm. calcium oxide per liter 
a t  21°C. 

THE HYDROLYSIS OF T H E  SILICATES 

All the work, except the counting of the radioactive samples, was done 
in a room a t  21.0 f O.l°C. The silicates, ground to pass a 325-mesh sieve, 
were shalten in a rotary shaker with the 'saturated' solution of calcium 
hydroxide in steel tubes completely 1ined.with pure silver or gold foil. A thin 
film of silicone stopcock grease was used a t  the ground cap joint. A blank 
using a silver-lined tube and saturated solution, shalten for 116 days, showed 
a loss in titer of less than 3 parts in 1000 which may be considered to beclose 
to the experimental variation for duplicate determinations. The saturated 
solution of calcium hydroxide was used in the hydrolysis experiments to 
prevent the formation of a hydrosilicate low in lime, in the initial stages of 
the hydration, and in the case of tricalcium silicate to attempt to produce 
the hydrosilicate of CaO:SiOz ratio of 2: l  for the existence of which Taylor 
(4) found evidence. 
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A supersaturated solution of lime was forined on the hydro])-sis of the 
silicate but no precipitation of lime coulcl be detected until the sol~ltion 
reached a high degree of supersaturation. Thus, when 0.1 gm. portions of 
tricalcium silicate were shalten with 100 ml. of the saturated lime solution 
on a rapidly revolving rotary shaker, the supersaturation usually reachecl 
about 20% before there was any evidence of precipitation of calciuln hydroxide. 
This con-esponcls to the liberation of 1 mole calcium oxide per mole of the 
silicate. For greater extent of hydrolysis, 0.05 gm. portions of the silicate 
were used with 100 in]. of the saturated lime solution. When P-dicalciun~ 
silicate was used, precipitation of lime occurred a t  a lower degree of super- 
saturation thus limiting the degree to which hydrolysis of this compound 
could be car1 ied under the conditions of our experiments. All the experimental 
work described in this paper was carried on in the illetastable range of 
supersaturation. 

The amount of lime liberated in a given time interval was cleterinined 
as the difference between the titer of 25 rill. portions of the original saturatecl 
lime solution and the hydrolyzate after centrifuging. The  sinall solubility 
of the silicate caused 110 appreciable error. The activity of the calcium in the 
hydrolyzate was determinecl on 0.500 in]. portions by a Geiger counter after 
precipitation of the calciunl as oxalate (window thicltness 1.6 nlgnl. per 
scl. cm; scale of 64 scaler). Care was taken to  keep the geometry constant. 
Before and after the couilting of the unknown a standard sample of radio- 
active calcium and a preparation of the silicate being hydrolyzed was counted. 
The latter was prepared by decomposing (with hydrochloric acicl) the same 
weight of the silicate as that used in 100 ml. in the hydrolysis experiment, 
renlol~ing the silica by dehydration, and malting the solution up to 100 ml. 
A 0.500 ml. portion was then counted in exactly the same manner as the 
hydrolyzate. I t  was found that  the additional calcium in the hydrolyzate 
did not affect the count appreciably. The ratio of the activity of the hydro- 
lyzate to the activity of the solution from the silicate (after correction for 
background) was t h ~ l s  indepenclent of the decay of the calcium-45, and the 
counting of the 'stanclard sample' of radioactive calciuin served as an additional 
check. 

Effect of Variation in the Acethod of Preparation of Tricalciunz Silicate 

Five samples of tricalcium silicate were prepa'red in a similar manner 
except for the time of ignition in the 1400 to 1700°C. range. The  number 
of ignitions, the total time, and the free lime content were as follows: 

Sample No. Total time a t  
1400-1700°C., ignitions 

min. 
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The  rates of liberation of lime of three of the samples a t  21°C. on hydrolysis 
of 0.1 gm. portions in 100 ml. of saturatecl calcium hydroxide are plotted 
in Fig. 1. I t  shows that the rate is in the inverse order to the time of ignition, 
suggesting that progressive recrystallization of the silicate had occurred 
during the heating. No data are, however, available on the relative particle 
size, except that all the samples were ground to pass a 325-mesh sieve. Lime 
liberated by the hydrolysis of the dicalcium silicate present in the sanlples 
(which was small except in the case of sample 1-52) was considered to be 
negligible in the time involved. This is supported by the experimental data 
of Fig. 4. A correction was made for the free lime contained in sample 1-52 
on the assumption that all the free lime passes quickly intb solution. This 

FIG. 1. The  effect of the time of heating at  1400-1700°C. on the  rate of hydrolysis of tri- 
calcium silicate. (No. 1-52, 25 min., No. 2-52, 85 min., No. 1-51, 250 min.) 

FIG. 2. Relative rates of increase with time of activity and alkalinity of the liquid phase 
during the hydration of labelled t r i c a l c i ~ ~ n ~  silicate. 

represents an over-correction so that the actual rate of hydrolysis of sample 
1-52 was greater than that shown in Fig. 1. Precipitation of calcium hydroxide 
had begun in the case of sample 1-52 at the 28 day point. The corresponding 
curves (not shown) for the other two samples of tricalciu~n silicate were in 
agreement. The rate of hydrolysis of sample 1-53 was slightly higher and that  
for sample 2-53 slightly lower than for sample 1-51. 

The Iiydrolysis of Labelled Triculcium Silicate and p-Dicalciz~m Silicate i n  a 
Satmated Solz~tion of Calciz~m Hydroxide: The Relative Rules of the Appearance 
of Activity and of Alkalinity i n  the Liqz~id Phase 

Fig. 2 gives the percentage of the total lime in the silicate liberated on 
hydrolysis as determined by titration, and the corresponding percentage of 
the total calciunl activity found in the solution plotted against time for 
tricalcium silicate sample 1-51. I t  is evident that at any given time the per- 
centage of the total activity in the solution is much greater than the per- 
centage of the total lime of the silicate found in the solution. A similar relation- 
ship was found in the case of sanlples 1-52, 2-52, ant1 2-53. 

In the preparation of tricalcium silicate the Ca45 was, in all cases, intro- 
duced in the third molecule of lime which was added to the already prepared 
inactive y-dicalcium silicate. Considering the relationship between the 
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activity and lime in the hydrolyzate, it might be thought that this indicates 
that the last molecule introduced into the crystal lattice was the first to be 
liberated on hydrolysis, t11~1s supporting the view that the three ~llolecules 
of calcium oxide in tricalciu~n silicate are not chemically equivalent - a 
conclusion which ~vould be of great interest on account of the uncertainty 
as  to the structure of this substance (1, 2). 

There are, however, some obvious objections to this explanation of the 
experimental data. Fig. 1 shows the great variation in the relative rates of 
liberation of lime on hydrolysis of different samples of tricalcium silicate, 
but when time is eliminated as a parameter as in Fig. 3, which is a plot of 
the percentages of the total activity found in the solution against the lime 
liberated by hydrolysis as determined by titration, the experimental results 
for all the labelled samples, 1-51, 2-52, and 2-53, fall on the same curve. 
(The values for sample 1-52 are not included on account of the difficulty in 
correcting for the large amount of free lime in the sample.) If one assumes the 
existence of two types of lattice positions for Caw in the crystals of the silicate, 
one would expect some interchange between them to occur during the heating 
a t  1400 to 1700°C. Such exchange should cause the samples of tricalcium 
silicate heated for the longer periods of time to give curves (Fig. 3) approaching 
a slope of 45", corresponding to the uniform distribution of the Cads throughout 
the crystals. As the results for all the samples fall on the same curve, i t  appears 
probable that the Cais was uniformly distributed throughout the lattice of 
sample 2-52 as well as those heated for longer time, and that these hydrolysis 
experiments, therefore, cannot give any evidence for or against the equivaleilce 
of the three lime molecules in tricalcium silicate. Fig. 3 ,  however, indicates 
that the mechanism of the hydrolysis of tricalcium silicate is independent 
of the rate. 

TIME IN WEEKS 

FIG. 3. The hydration of tricalcium silicate labelled with Ca45 in a saturated solution of 
calcium hydroxide. The relative increase in calcium hydroxide content and in the activity 
of the solution. 

FIG. 4. The hydration of radioactive p-dicalcium silicate labelled with Cal* in a saturated 
solution of calcium hydroxide. The relative increase with ti111e of the activity and alkalinity 
of the liquid phase. 

Data  for the hydrolysis of a sample of labelled P-dicalcium silicate in a 
saturated solution of calcium hydroxide plotted in Fig. 4 are also of interest. 
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Here, too, the percentage of total activity found in the hydrolyzate is far 
in excess of the percentage of total lime liberated as calculated from the 
increase in the titer. 

THEORETICAL CALCULATIONS 

The theoretical curve for the activity of the calcium in the hydrolyzate 
plotted against the lime liberated, as  determined by titration, can be calculated 
for any postulated lime: silica ratio of the hyclrosilicate on the basis of the 
assumption that the anhydrous silicate (labelled with Ca47 passes into solution 
in the form of ions and that the 'life' of the Ca ions is long enough to allow 
uniform distribution throughout the hydrolyzate, under the conditions of 
agitation used, before precipitation of the calcium in the forin of calcium 
hydrosilicate occurs. The presence of calcium in undissociated molecules 
in the solution would not change the conclusion reached, provided the interval 
of time before precipitation is long enough for attainment of exchange equili- 
brium. The activity present in the solution a t  any moment will be a function 
of the amount of anhydrous silicate which has entered the solution, the 
specific activity of the anhydrous silicate, the amount of calcium hydroxide 
in the original solution, and the ratio of lime to silica in the precipitated 
calcium hydrosilicate. The problem is simplified somewhat for a given series 
of experimental determinations where the specific activity of the sample of 
anhydrous silicate (corrected for the rate of decay) is a constant and the 
volume and concentration of the original solution of calcium hydroxide is 
fixed. 

The Hydration of Labelled Tricalcium Silicate i n  Inactive Calcium Hydroxide 
Solution 

A mathematical expression for the percentage activity in the solution 
during the hydrolysis and hydration of tricalcium silicate according to  the 
over-all equation 

2(3CaO.SiOn) + (n + 3) HzO -+ 3Ca0.2SiOz.nHz0 + 3Ca(OH)z, 
may be developed as follows: 

Let a represent the number of moles of lime in the original solution and 
b the specific activity of the labelled silicate defined in terms of the activity 
per mole of lime present in the silicate. Let x be the amount of anhydrous 
silicate which has passed into the solution expressed in terms of moles CaO 
and f(x) be the specific activity of CaO in solution in units of activity per 
mole of CaO. Consider the hydrolysis of $ dx moles of tricalcium silicate, 
which in the first step of this mechanism liberates dx moles of calcium oxide 
to the solution. We take dx sufficiently small that  it does not appreciably 
change the specific activity of calcium oxide in the solution, f(x). In  the second 
step of this mechanism calcium oxide to the extent of one-half of the amount 
of calcium oxide liberated, or + dx, of specific activity f(x), is removed to 
form the hydration product. I t  is clear that the calcium radioactivity liberated 
to the solution is bdx while that removed is $ f(x)dx, so that the net increase 
in the total calcium radioactivity in solution is bdx - $ f(x)dx. When x moles 
have been liberated, the increase is 
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To  find f(x),we consider the liberation of Ax moles of calciunl oxide by tri- 
calcium silicate which has already liberated x moles. There has been an 
increase of only 3 x moles of calcium oxide in the solution, in which the specific 
activity of calci~iin oxide is f(x). After x nloles have been liberated, the total 
calcium radioactivity in solution is 

If we permit Ax moles to be liberated with no precipitation, the resulting 
total calciunl radioactivity in solution will be 

and the new specific activity will be 

We now form 

In the limit as x -+ 0, this expression becomes 

If we solve this differential equation under the conditions that f(x) = 0, 
when x = 0, we get 

[a] f ( x )  = b - [4a%/(2a + x ) ~ ] .  

Now substitute [2] in [I] and obtain for the total calciunl radioactivity in 
solution 

on integration. 
For convenience, we convert this into percentage activity in solution by 

dividing by the total calcium activity in the tricalcium silicate used, namely 
b times moles of calcium oxide in the solid, and multiplying by 100; whence, 

[3] Ojo activity in solution = t ( 2 ~  f x) - 12a2/_(2a + x)I lW. 
(moles CaO originally in solid) 

On the basis of the over-all process postulated above, for each mole of 
tricalci~lm silicate which "passes through" the liquid phase three nloles 
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of lime pass into solution and 1.5 moles pass out  of the solution in tlle hydratecl 
silicate. The  value of x in eq~iation [3] is therefore twice the number of moles 
of lime liberated as determined by titration. 

An expression for the percentage activity in the solution if the over-all 
reaction for the hydrolysis and hydration is represented by  the equation 

may be developed in analogous fashion. 
In this process of hydration defining a ,  b, x, and f(x) as before, when $dz 

moles of tricalcium silicate pass througll the liquid phase dx moles of labelled 
calciu~n oxide pass into solution carrying bdx units of radioactivity and gdx 
moles are removed from solution carrying $f(x)dx units of radioactivity as  
defined above. As in equation [I] above, we express the increase in total 
calcium radioactivity in soiution as 

sos(b - 3 f (x)) dx. 

If, after x moles of calcium oxide from the silicate have passed into the 
solution with the concurrent precipitation of hydrated silicate, we consider 
the liberation of Ax moles of calcium oxide to the solution we may obtain 
by the same process as before the expression 

which on integration and simplification yields 

where as before f(x) = 0 when x = 0. 
Substitution of [5] in [4] yields, on integration, 

b[$(x + 3a) - (9n3/(3a + x ) ~ } ]  

for the total radioactivity in tlle solution, wllence, 

[GI yo activity in solution = 5 (x + 3a) - [9a3/(3a + x ) ~ ]  - X 100. 
(moles CaO originally in solid) 

The value of x in equation [6] is three times the number of moles of lime which 
have been liberated as determined by  titration. 

A general expression for the activity in the solution for any postulated 
1ime:silica ratio in the hydration product may be developed for the hydrolysis 
of tricalcium silicate in the same manner. If a and x are defined as before and 
r is the CaO:SiOz ratio in the hydrate, the final expression for the percentage 
of the total activity in the solution becomes, 

r - 3{ 3n ) + r ; 3{ 3e )3'(3-T) { 3a + x)T'(T-3) 
&. 1 rx - -- -- -- 

[71 
3 3 - r  -- 3 - r  3 - r  

(moles CaO in original silicate) 
X 100 
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where x = 3/(3 - r)  tilnes the number of moles of lime which have been 
liberated as determined by the increase in the titer of the solution. 

The Ilydration of Labelled Dicalciz~.tn Silicate i n  Ir~active Calcium JIydroxide 
Solution 

An expression for the hydrolysis of dicalcium silicate labelled with Ca45 
with the formation of the 3:2 calcium hydrosilicate may be derived in a 
similar manner. 

In this case, with the same definitions for a ,  b, x,  and f(z) as before, when 
3dx moles of the silicate pass through the solution, dx moles of labelled calci~lm 
oxide pass into solution carrying bdx units of activity, but 2 dx moles are 
removed from the solution carrying f(x)dx units of activity. After x moles 
of lime (from the silicate) have entered the solution with the concurrent 
precipitation of the hydrosilicate, the activity of the solution is given by  

S:(b - 2 f ( x ) )  dx. 

Evaluating f(x) as  before, we obtain 

f(x)  = b - 256a4b 
(4a + x)" 

taking f(x) = 0 when x = 0. Substituting [9] in [8], integrating and simplifying, 
we obtain, upon dividing by  the total initial calcium activity in the solid 
and multiplying by 100, 

[lo] activity in solution = ? (4a + x)  - [64a4/(4a + xI3l 
(moles CaO originally in solid) 

The  value of x in equation [lo] is four times the number of moles of lime 
which have been liberated as  determined from the increase in the titer of 
the solution. 

Fig. 5 shows the theoretical curves for the hgldrolysis of tricalcium silicate 
with the formation of a 3 :2 calcium hydrosilicate (Curve A),  the formation 
of a 2:l calcium hydrosilicate (Curve B), and also the hydrolysis of dicalcium 
silicate with the formation of a 3:2 calcium hydrosilicate (Curve C), for 
0.1 gm. portions of the silicate in 100 ml. of a calcium hydroxide solution 
containing initially 1.2 gm. calcium oxide per liter. There is a wide divergence 
between the theoretical curves for the two hydrosilicates. 

The Hydrolysis of Inactiz~e Tricalcium Silicate i n  a Satz~rated Calcium Hydroxide 
Solution Labelled with Ca45 

An expression for the change in the activity of a solution of labelled calcium 
hydroxide during the hydrolysis of a sample of inactive tricalcium silicate 
can also be developed. On the assumption that  a hydrated 3:2 calcium hydro- 
silicate is formed, the fraction of the initial activity which remains in the 
solution after x moles of the calcium oxide of the silicate have passed into the 
solution with the consequent precipitation of hydrosilicate is given by the 
expression : 
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GRAHAM ET AL.: SILICATES 139 

[ I  I.] 2a/(2a + x) 
wllere a = moles of calci~~ill  oxide originally present in the solution, and x, 
the number of moles of lime which have passecl from the solid into the l i q ~ ~ i d  
phase, is eq~lal to twice the increase in the concentration of calciu~n oxide 
in the solution. 

The corresponding expression for the activity in the solution for the forma- 
tion of a hydrated silicate with a CaO:SiOz ratio of 2:l  is: 

[12] Per cent activity remaining in solution = [9a2/(3u + x)" 1 100. 

In this case x has a value three times the number of moles of lime liberated 
as determined by titration. 

0 - 3 C 1 0 . S ~ ~ - I - l l  

- - 2 - 5 2  Olr.l* IOOYL. . - . 2 - 5 3  5 
- - 2 - 5 2 - 6 0 5 ~ . 1 ~  100-L. 

A -p-zwosbO,-o.,a.," l00.L. 

W E  LIBERbTEO - MOLES C d  PERMCLTSILICATE 
MOLES OF LIME LIBERATED PER MOLE SILICIITE 

FIG. 5. Theoretical curves for the hydration of tricalcium silicate and dicalc i~~m silicate 
labelled with Ca45 in a solution of calcium hydroxide (0.1 gm. portions of the silicate in 100 
ml. of solutiol~ containing 1.2 gm. calcium oxide per liter). 

A. Tricalci~lnl silicate t o  give a 3:2 caiciu~n hydrosilicate. 
B. Tricalciuln silicate to give a 2:l calcium hydrosilicate. 
C. Dicalcium silicate to give 3:2 calcium hydrosilicate. 

FIG. 6. Experimentally deterlniued points for the hydration of labelled tricalcium silicate 
and 0-dicalcium silicate a t  2I0C., in s a t ~ ~ r a t e d  solutions of calciuln hydroxide, showing the 
theoretical curves for the fornlation of a product with a CaO:Si02 ratio of 3:2. 

EXPERIMENTAL RESULTS 

Table I gives the experimental and calculated data  for the hydrolysis and 
hydration of three samples of labelled tricalcium silicate and one sample 
of labelled 0-dicalcium silicate a t  21°C. Fig. 6 shows plots of the data  to- 
gether with the theoretical curves for the formation of a hydrate of the 
composition 3Ca0.2Si02.nH20. No corrections were appIied to the experi- 
mental data for the small amount of free lime present in some of the sampIes, 
as the validity of such corrections is doubtful and would be only of the order 
of magnitude of the experimental error in counting (probable error about 
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T A B L E  I 
THE HYDRATION OF TRIC.ALCIUAC SILICATE A N D  P-DICALCIUAI SILICATE 

(LABELLED WlTEI Ca49 I N  SOLlrTIONS OF CALCIUM IIYDKOXIDE AT 21°C. 

I I I I 

Time o f  
shaking 

Silicate 
Sainple 

Linie liberated 
as determined Percent o f  activity 
b y  titration, in the hydrolyzate 

inole CaO/~nole -------I -- - 
silicate Esp. Calc. 

Initial coi~c. 
o f  lime sol'n., 

No. ~nillimoles/ I 100 011. 

12 hr. 
24 hr. 
36 hr. 
48 hr. 
72 hr. 

1  wk. 
1 wk. 
2 wk. 
3 wk. 
4 wk. 

11 wk.  
1 wk. 
2 wk. 

12 w1i. 
26 wk. 

G hr. 

'0.06 gm. 3Ca0.Si02 i n  100 ml. solz~lion. 
1,Veiylzt of silicate i n  100 nzl. solution 0.1 gm. 

Basis 
3Ca0.2SiOz.nHz0 

0.030 I 1 , 7  / 2 .0  

one per cent). The experimental results are in agreement with the assunlption 
that the product formecl during the hydrolysis and hyclration of both silicates 
a t  21°C. is the 3:2 calciunl hyclrosilicate. 

I t  should be notecl that the clotted curve in the upper right hand corner 
of Fig. 6 is the calculatecl curve for the hydrolysis of 0.05 gm. portions of 
active tricalciun~ silicate in 100 ml. of the lime solution used in the experi- 
ments, while the other curves are calculated for the hyclrolysis of 0.1 gnl. 
portions of the silicates in 100 1nl. of lime solution, the formation of a hydro- 
silicate of CaO:Si02 ratio of 3:2 being postulated in all cases. 

When the experimental results with active tricalcium silicate are plottecl 
as in Fig. 6, precipitation of calcium hydroxide from the super-saturated 
solution gives abnormally high values for the percentage of total activity 
found in the hydrolyzate. This is due to the fact that such precipitation 
reduces the value for lime liberated per mole of silicate, as determined from 
the increase in titer, proportionally more than the activity count. Such 
divergence from consistent values for the activity is probably a more sensitive 
means than microscopic examination for detecting the beginning of precipita- 
tion of hydrated lime. 

Fig. 'i* is a plot of the calculatecl theoretical curves for the hydration of 
inactive tricalcium silicate in a solution of calciunl hydroxide (0.1135 gm. 
calcium oxide per 100 ml.) labelled with Ca" for the formatioil of the 3:2 
calcium hydrosilicate (Curve A) and of the 2 : l  calcium hydrosilicate (Curve 

'The authors are indebted to Mr. F. I$'. Birss for nzaki~zg some qf the deterfninations recorded 
i n  Fzg. 7. 
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G R A H d d f  ET AL.: SILICATES 

MOLES LIME LIBERATED PER MOLE SlLlCATE 

FIG. 7. Theoretical curves for the hydration of inactive tricalciu~n silicate i n  lal~elled 
calci~lm hydroxide solution together with experimental points a t  21°C. (0.1 gm. portions of 
silicate in  100 ml. calcium hydroside solution conta ini~~g 1.13 gm. calcium oxide per liter). 

B) ,  respectively. The points are the experimental values obtained when 
tricalci~im silicate 1-53 was shalien with calcium hydroxide solution of the 
above concentration. The experimental results are in general agreement with 
the assunlption that a hydration product of the composition 3Ca0.2Si02.nH20 
is formed. I t  may be noted that in this series the total amount of tricalci~~m 
silicate used in an experiment does not enter into the calculation of the 
expected percentage activity in the solution, only the amount of the silicate 
passing through the solution being significant. Also, since the solution is a t  
the maximum of activity a t  the beginning of the runs when the rate of hydro- 
lysis is very high (see Fig. I ) ,  the results are particularly sensitive to any 
interruptions in shaking. Sucll interruptions and any lack of attainment of 
conlplete homogeneity of the hydrolyzate a t  all stages would tend to give 
low values for the removal of activity from the solution or high values for 
the activity as plotted in Fig. 7. 

The question of the effect of exchange of calcium between the solution and 
the hydrated silicate has to be considered. In the experiments with, labelled 
tricalcium silicate such exchange, if it occurs, would tend to lower the val~les 
for the activity found in the hydrolyzate while in the case of the hydrolysis 
of inactive tricalci~im silicate in active calcium hj~droxide solution the values 
uroulcl tend to increase. Considering the hydration of labelled tricalcium silicate 
to form the 3:2 hydrosilicate and assuming that complete exchange equilibrium 
between the calci~im of the hydrolyzate and the hydrated portion of the 
silicate occurs, the expression for the per cent activity in the hydrolyzate 
becomes 

x(2a + x) X 100/[2(a + x)(moles CaO in original silicate)]. 

For similar conditions with the formation of the 2:l calcium hydrosilicate 
the expression would be 

x(3a + x) X 100/[3(a + x)(moles CaO in original silicate)], 

x and a being defined as above. 
If these expressions are plotted as in Fig. 5, the curves have a slightly 

lower slope than the corresponding curves 'A' and 'B'. Under the conditions 
of our experiments, the change in the activity of the hydrolyzate which would 
be caused by complete exchange equilibrium of the calcium between the 
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solution and the hydrated solid is, however, only a small fraction of the 
difference in percentage activity for corresponding points on curves 'A' 
and 'B' of Fig. 5. 

Similar considerations apply to the experiments wit11 inactive tricalcium 
silicate in the labelled solution of calciuin hydroxide. Here the per cent activity 
in the solution for complete exchange equilibrium is given by (2a + x) l O O j  
[2(a + x)] for the formation of the 3:2 hydrosilicate and by (3a + x) l O O j  
[3(a + x)] for the formation of the 2:l product. The calculated curves differ 
slightly from curves 'A' and 'B' of Fig. 7. Again the change in the activity 
of the solution caused by complete exchange equilibrium ~ ~ n d e r  the conditions 
of our experiinents is only a small fraction of the calculated difference 
in percentage activity for the forillation of the two hydrosilicates. 

Such exchange of calciuin between the hydrolyzate and the hydration 
product could, therefore, not affect the conclusions arrived a t  above as to the 
con~position of the hydrated silicate. The extent to which exchange occurs 
is being further studied. 

While our experiments give no indication of the formation of a hydrated 
dicalcium silicate when tricalcium silicate is hydrated in a saturated solution 
of calcium hydroxide a t  21°C., our results do not necessarily contradict 
those of Taylor (4) since his work was done a t  17°C. 

The results of our experiments are in fact in accord with the conclusions 
of Jeffery (2) that tricalcium silicate is composed of discrete ions of calcium, 
oxygen, and (Si04) and of Rernal, Jeffery, and Taylor (1) that in the initial 
stage of hydration the anhydrous silicates act only as a source of calcium 
and silicate ions from which the hydration products can be formed. From our 
experiments it  would seem that in a saturated solution of calcium hydroxide 
a t  21°C. the (Si04)4- ions undergo chemical change before, or incidental to, 
the formation of the hydrated silicate. 

The work described in this paper illustrates a new approach to the study 
of the mechanism of the hydrolysis and hydration of slightly soluble solids 
by the use of radioactive tracers. I t  appears that the method could be extended 
to  the study of the mechanism of-many other chemical reactions especially 
when the progress of the reaction can be followed independently by both 
chemical and radiochemical methods. 
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PREPARATION O F  ION-EXCHANGE RESINS' 

ABSTRACT 
1011-eschange resins a s  membranes and in granular form have been prepared 

by the copolyn~erization of divinylbenzene with various esters of p-styrene- 
sulphonic acid and subsequent hydrolysis. The  synthesis of the sulphonated 
styrene illonomers is described. Equilibri~l~n data  for the sodium-hydrogen ion 
exchange on a resin prepared in this manner are  discussed in terms of post~~la ted 
variations of sulphonate group environment. 

INTRODUCTION 

Polystyrenesulpho~~ic acid ion-exchange resins have been prepared previously 
by the sulphonation of cross-linked polystyrene (5, 7, 10). I t  is evident that this 
process yields an ion-exchange resin in which the environment of some sulphon- 
ate groups may differ markedly from that of other sulphonate groups. Sul- 
phonate groups may exist in regions which on a micro scale are more or less 
highly cross-linked, or more or less highly sulphonated than the average for the 
resin bead. There is, in addition, the possibility of producing benzene nuclei 
bearing two sulphonate groups. A capacity of 1.2 sulphonate groups per benzene 
nucleus has been reported (7). Even resins with an over-all capacity of less than 
one sulphonate group per benzene nucleus may contain disubstituted nuclei 
'near the surface of the bead. Also it is probable that sulphonation of divinyl- 
benzene nuclei occurs. 

Observed variations in the mass law "relative affinity coefficients" or equi- 
librium quotients of ion-exchange resins prepared by the sulphonation of poly- 
styrene have been considered on the implicit assumption that all of the sul- 
phonate groups are identical (2,4, 6). Thus the exchange groups on a resin have 
been considered as a fraction of a mole of exchange groups and have been 
assigned in effect a standard free energy. 

Alternatively, if the assuinption is made that the variations in the sulphonate 
group environments are not negligible, the sulphonate groups Inay be considered 
as a mixture of exchange groups with various standard free energies. The ex- 
change process is then collsidered as a number of simultaneous equilibrium 
reactions. I t  is apparent that such a process if treated as a single equilibrium 
reaction would not yield a constant value for the equilibriuin,quotient, even if 
resin activity coefficients were unity and swelling pressure variations were 
negligible. Walton in 1913 (11) recognized that ion-exchangers bearing more 
than one type of exchange group, such as phenolic, carboxylic, or sulphonic, 
would give rise to an equilibrium quotient which would be a function of the 
mole fractiou of exchanging ions on the resin. Boyd (3) has mentioned the 
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Part of the work described herein zuas included i n  a t l~esis  sz~bnzitted by  I. H. Spinner to the 
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possible significance of chemical or structural nonuniformities in monofunctioilal 
ion exchange resins. Thus it  seems that the possibility of a significant departure 
from sulphonate group identity ought to be eliminated before variations in the 
mass law equilibrium quotients are attributed to other causes. 

I11 order to test this hypothesis, it would be of interest to prepare a poly- 
styrenesulphonic acid resin by the copolymerization of monomers which differ 
in reactivity ratios from the styrene-divinylbenzene system. In adclitioil it would 
be desirable to use ionogenic monomers which could be converted after poly- 
merization to sulphonic exchange groups without polymer sulpllonation. Thus 
the possibility of disubstitution or divinylbenzene substitution could be elim- 
inatecl. The esters of p-styrenesulphonic acid have been chosen as a group of 
conlpounds fulfilling these desiderata. 

EXPERIMENTAL 
Preparation of Ahnomers 

p- (P-Bromoethy1)-benzenesulphonylc1~lorilEe 
@-Phenylethylbromide (180 gm.) was reacted with 500 1111. of chlorosulphonic 

acid essentially in accordance with the procedure of Inslteep and Deailiil (8), 
except that the temperature was maintained a t  3-5°C. The procluct was extracted 
with ether, crystallized a t  dry ice temperature, and recrystallized rapidly froill 
dry methanol. The yield was 160 gm. (56y0), n1.p. 54-55°C. 

Anal. calc. for C8H8BrS02Cl: C, 33.91%; H, 2.85y0; S ,  11.31%. 
Found:* C, 34.16%; H,  2.89, 2.90%; S, 11.46, 11.5070. 

Inslteep and Deanin did not separate the para isomer but they established the 
presence of the para conlpound by the preparation and oxidation of p-vinyl- 
benzene-N,Nr-dimethylsulphonan~ide. The clerivative p-(0-bromoethy1)-ben- 
zene-N,N'-dimethylsulphonamide was prepared, m.p. 98.5-99°C. Inskeep and 
Deanin (8) reported m , p  99-100°C. The derivative p-vinylbenzene-N,N'- 
clin~ethylsulphonainide was prepared, n1.p. 62-G3"C. Reported 1n.p. 63-G3.5"C. 
The derivative p-(P-bron1oethyl)-benzenesulphonamide was prepared n1.p. 
184.5-185.5"C. Reported m.p. was 185.5-18G°C. The derivative p-vinylbenzene- 
sulphonamide was prepared, m.p. 139-140°C. 

n-Propyl-p- (p-bromoetJzjrl) -benzenesulphonate 
One hundred grams of p-(P-bromoethy1)-benzenesulp1~ouylchloride were 

suspended in 200 gm. of n-propanol and allowed to stand until the solid had 
dissolved. The solution was neutralized slowly a t  10°C. with G N aqueous sodium 
hydroxide solution. The propyl ester separated as an oil. The suspension was 
diluted to 500 cc. with cold water. The aqueous layer was saturated with sodium 
chloride and the oil was extracted with ether. The ether solution was washed 
with cold water, dried, concentrated in vacuum in the cold, and the ester distilled 
a t  1p in a Hickmail still. The yield uras 85.5 gm. (SO%), 1n.p. G-S°C., n: 1.5442, 

2 5 d ? ~  1.385. 
Anal. calc. for CllH1503BrS: C, 43.00y0; H, 4.92%; S,  10.44%; Br, 2G.01y0. 
Found:* C, 43.63y0, 43.48%; H,  5.17%, 5.01%; S,  10.30%, 10.57; Br, 

25.97Y0, 25.80y0. 
* A l l  analyses done b y  Micro-TecJz Laboratories, Skokie ,  Ill inois.  
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Fifty-five grams of n-~ropj~l-fi-(P-bron1oethyl)-benzenesulpl~onate were clis- 
solved in 120 cc. of ethanol and heated to 50°C., 11.5 gm. of potassium hydroxide 
clissolvecl in 140 cc. of ethanol a t  50°C. were added. The reaction mixture was 
diluted to 500 cc. with cold water and the ester was extracted with ether. A 
trace of tertiary butyl catechol was aclded to the solution, which was then clried. 
The ether was removed in vacuum in the cold ancl the ester distilled a t  1p in a 
Hickman still. A yield of 23.7 gm. (55y0) of the colorless liquid product was 
obtained, ng 1.5374, dtg I .165. Attempts to cause crystallization were unsuccess- 
ful. 

Anal. calc. for C1lHldOAS: C, 58.37%; H, 6.23y0; S,  14.1'7y0. 
Found:* C, 58.10%, 58.04%; H, 6.26y0, 6.40%; S, 14.15%, 14.27%. 

A number of similar esters, which are listed below, were prepared by the 
method given above. Purification was found to be difficult because of clecom- 
position and polyn~erization. In general the crude product was used for the 
preparation of the resins. 

Methyl-P- (P-bromoethy1)-benzenesulplzonate 

Using 85 gm. of p-(/3-bromoethyl)-benzenesulphonyl chloride, 45.0 gm. (75%) 
of white solid was obtained. After recrj~stallization from petroleum ether 
(b.p. 80-100°C.) the solid melted a t  66-G6.5°C. 

Anal. calc. for C9Hl1OABrS: C, 38.72%; H ,  3.9'7y0; S, 11.48%; Br, 28.G2y0. 
Found:* C, 38.74%, 38.83%; H ,  4.04y0, 4.20y0; S,  11.65%, 11.75%; 

Br, 28.64%, 28.38y0. 
The ethyl and butyl esters of p-vinylbenzenesulpho~~ic acid were also prepared. 

These products were both oils which were difficult to purify. In both cases traces 
of bromine were found in the final product and in both cases this impure product 
was used for polymerization. The nlajor impurity was expectecl to be the bromide 
which would not interfere with the polymerization. 

Polymeriza!ion and Hydrolysis  
p-Vinylbenzenesulphonamide coulcl not be copolymerized s~~ccessf~~l ly  with 

styrene and clivinylbenzene by suspension techniques owing to its water solubil- 
ity. Solution polymerization in methanol gave a polymer which was hydrolyzed 
for 72 hr. with 2507, hydrochloric acid. 

Suspension copoly~ners of styrene, divinylbenzene, and the other monomers 
were prepared according to the following recipe based on mononler nlixtures 
totalling 100 gm. The monomers containing 1 gm. of benzoyl peroxide were 
added to 1000 ml. of the stabilizing solution, in a three-necked standard taper 
flask fitted with a reflux condenser and stirrer. The stabilizing solution contained 
0.1% hydroxyethyl cellulose (Cellosize WPLH). The speed of the stirrer was 
adjusted to give beads of the desired size (1 mnl. or larger) and the teinperature 
was maintained a t  90°C. When the beads had hardened, agitation was stopped 
and heating continued for an aclditional 40 hr. The copolymer of p-vinylbenzene- 
N,N1-dimethylsulphonamide was hydrolyzed for 120 hr. with 25y0 hydrochloric 
acid under reflux. The ester copolymers were hydrolyzed with 5y0 sodium 

*All  analyses done b y  Micro-Tech Laboratories. Skokie. Illin0ix. 
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hydroxide. The copolymers were then conditioned with 2 N sodium chloride and 
2 N hydrochloric acid, thoroughly rinsed, and the capacities determined by the 
addition of 2 N sodium chloricle to a known weight of exchanger and titration 
with 0.1 N sodium hydroxide. 

Polp~nerization charge 

- 

20.0 gm. P-vinylbenzenesulphonarnide 
GO gm. divinylbenzene solution (21 %) 

20.2 gm. p-vinylbenzene-N,Nf-dimetliyls~~lphonamide 
20.7 gm. divinylbenzene solution (21%) 

8.3 grn. n-butyl-#-vinylbenzenesulphonate 
8.3 gm. divinylbenzene solution (21y0) 

8.0 gm. n-propyl-p-vinylbenzenesulphonate 
2.0 gm. divinylbenze~le s o l ~ ~ t i o n  (55.1%) 

21.4 gm. ethyl-P-vinylbenzencsulphonate 
8.5 gm. divinylbenzene solution (55.470) 

One of the difficulties encountered in the preparation of the polymers was the 
loss resulting from the hydrolysis of the esters in the suspension polymerization. 
This hydrolysis during polymerization is indicated by the intercept a t  zero time 
in the polymer hydrolysis curves of Fig. I .  Thus the noininal cross-linking is 

Yield, 
gm. 

1.0 
X + .- 

as 
0 
0 
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FIG. 1. Hydrolysis of ester copolyniers. 

somewhat higher than the composition of the polymerization charge would 
indicate. The polymer prepared froin the butyl ester was obtained with greatest 
yield and was usecl for the equilibrium determinations. This hydrolyzed resin 
prepared from the butyl ester is called for conveneince, ester resin. 

Equilibrium Quotient Determinnlions 
A sample of about 2 mgm. equiv. of the hydrogen forin of the resin was placed 

in a flask and the capacity determined by the adclition of 2 N sodiuin chloride 
solution and titration with 0.1 N sodium hydroxide solution using bronlcresol 
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green as the indicator. The same sample after complete conversion to either the 
hydrogen or sodiunl form was equilibrated with solutions containing 0.1 N 
sodium chloride and 0.1 N hydrochloric acid solutions in various proportions. 
After equilibrium had been attained, the solution was analyzed for sodium 
chloride by evaporation and for hydrocl~loric acid by titration. The resin sample 
was drained by suction, thoroughly rinsed, and the hydrogen ion on the resin 
determinecl as in the capacity determinations. The sodium ion on the resin was 
calculatecl fro111 the difference between the hydrogen ion on the resin and the 
capacity. In all cases equilibriunl quotient values were obtained using resin 
initially in the hydrogen form and also using resin initially in the sodillin form. 
Equilibrium quotients were also determined in a similar way on a sample of this 
butyl ester resin which had been sulphonated by treatment with sulphuric acid 
to a capacity of 4.67 mgm. equiv. per gm. 

Ion-exchange Membranes 
One of the major difficulties encountered in the preparation of unsupported 

"homogeneous" ion-exchange nlenlbranes by the sulphonation of polystyrene 
films is the low tensile strengths which the products possess. The copolymeriza- 
tion of ester monomers with divinylbenzene permits the preparation of resins 
which because of low capacity have much less tendency to swell. For example, 
such films prepared by the copolymerization of n-propyl-p-vinylbenzene- 
sulphonate with divinylbenzene had the following characteristics: 

TABLE I 
ION-EXCHANGE MEMBUNES 

I 

The detailed properties of films of this sort will be discussed in a subsequent 
contribution. 

Capacity, 
Ingm. equiv./g~n. 

dry hydrogen forrn 

DISCUSSION 

Yield 
strength, 

Ib. per sq. in .  

One of the features of the equilibrium data obtained for the ester resin, as 
given in Fig. 2, Plot I ,  is that the equilibrium quotients are more nearly constant 
than those reported in the literature for sulphonated polystyrene resins of 
comparable cross-linking. 

The postulate has been made that the constancy of the ion-exchange equi- 
librium quotient may be a function of the detailed structure of the resin. Hence 
it  is of interest to consider the variations which would be obtained for the 
equilibrium quotient of a hypothetical ion-exchange resin in which the sul- 
phonate groups are of two types. The environment of type 1 sulphonate groups 
is assumed to be significantly different from the environment of type 2 sulphoilate 
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0 0.2 0.4 0.6 0.8 1 .O 
Mole Fraction Sodium Resin 

FIG. 2. Equilibrium data:  
0 Butyl ester copolymer:-2.91 mgm. equiv./gm. 14-15 mole yo divinylbenzene. 
@ Above resin su1phonated:- 4.87 mgm. equiv./gm. 14-15 ~nole  % divinylbenzenc. 
@ Data of Reichenberg (10):- 5.00 mgm. equiv./gm. 15 mole % divinylbenzene. 
9 Data of Bonner (2):- 5.10 mgm. equiv./g~n. 14 n~ole % divinylbenzene. 

Solid lines are results for hypothetical exchanger with parameters as  shown in 
Table 11. 

groups. All sulphonate groups within a type are assumed to be identical. Activity 
coefficieilts are assumed to be unity and swelling pressure variations are assumed 
to be negligible. For this hypothetical resin the following equations can be 
written for the uni-univalent exchange of the ionic species A and B: 

where: @) represents the inole ratio of A to B on the type 1 sulphonate 
R I 

groups, 
subscript Rs represents type 2 sulphonate groups, 
subscript , represents solution. 

These two equations may be combined to  give the follo~ving expression for the 
over-all exchange on the resin : 

LL 

1 + [(I - C1)Kl t 

where: subscript represents the resin as a whole, 
C1 represents the fraction of the whole resin capacity which is type 1 
capacity. 
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0 0.2 0.4 0.6 0.8 1 .O 
Overall Mole Fraction A on Resin 

FIG. 3. Equilibri~un plots for hypothetical exchanger. Effect of variation in C1 parameter. 

I Indicated Values of K, 1 

0 0.2 0.4 0.6 0.8 I .O 
Overall Mole Fraction A on Resin 

FIG. 4. Equilibrium plots for hypothetical exchanger, Effect of variation in K I ,  Kz, para- 
meters. 
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This equation has been evaluated for various values of the parameter C1 and 
the equilibrium quotient versus mole fraction on the resin plots are given in 
Fig. 3. The effect of variations in the parameters K 1  and I<? with constant C1 
are illustrated by Fig. 4. These fig~ires illustrate that for the hypothetical resin, 
variations of C1 determine the general shape of the equilibriuin coefficieilt plot. 
Variatio~ls in the R1 and Kz parameters change the position of the curve on the 
eq~iilibriuin coefficient scale but have only a secondary effect on the form of the 
curve. This sensitivity to  the C1 parameter is, of course, diminished as the values 
of K1 and I<% approach each other. Thus for the hypothetical resin, the equi- 
librium plot could be regarded as an indication of the relative amounts of type 1 
and type 2 exchange groups. Numerically, C1 values which approach zero or 
unity are indicative of uniformity of sulphonate group environment in the resin. 

The model described above is considered only as a first approximation to  the 
polyst~~renesulphonic ion-exchange resins. However, even this simple assump- 
tion permits the correlation of the experimental data. Equilibrium quotients 
reported (2, lo) ,  can be fitted closely by the equation for the hypothetical resin 
with the followiilg parameters: 

TABLE I1 
PARAMETER VALUES FOR FIG. 2 PLOTS 

I 
~ e s i n  type 1 curve  1 4 1 1 K2 

Considering only the experimental values of the equilibrium q~iotieilts in 
Fig. 2, curves 1 and 2, and without regard to  the hypothetical model, certain 
c o ~ ~ c l ~ ~ s i o n s  may be drawn. The process of increasing the capacity of the ester 
resin by sulphonation did not produce any marlced increase in the variation of 
the equilibriunl quotient. Hence, the disubstitution of benzene nuclei, and the 
substit~ition of divinylbenzene nuclei, if they occur a t  all, have only a smalI 
effect on the constancy of the equilibrium quotient of the ester resin. 

The sulphonation of the ester resin also indicated that the value of the equi- 
libriuin quotient for an ion-exchange is a function of the capacity of the resin. 
I t  is of spnle interest to note that the equilibrium quotients for the ester resin 
given in Fig. 2, Curve 1, lie significantly below unity while the values obtained 
for the same resin after sulphonation are all above 1. These data if correlated 
on the basis of variations in swelling pressure (6) would require a reversal of 
sign in the pressure-volume term. 

The ester resin prior to sulphonatioil differed nominally from the sulphonated 
polystyrene resins only in capacity. All were nominally 14-15 mole yo divinyl- 

Ester resin 
Sulphonated 

ester resln 
Sulphonated 

polystyrene (10) 
Sulphonated 

polystyrene (2) 

1 

2 

3 

4 

0.966 

0.966 

0.873 

0.620 

0.946 

1.210 

2.837 

3.950 

0.00485 

0.0275 

0.1S3 

0.410 
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benzene copolymers. After sulphonation the ester resin was nominally similar to 
the two sulphonated polystyrene resins with respect to capacity and cross- 
linking. However, the equilibrium quotient data for the sulphonated ester resin 
was very different from those reported for sulphonated polystyrene resins. This 
leads to the conclusion that nominal cross-linking and capacity are not sufficient 
to characterize a polystyrenesulphonic ion-exchange resin. 

If the hypothetical model is accepted as a representation of the polystyrene- 
sulphonic ion-exchange resins, the equilibriuin quotient data as given in Fig. 2 
may be considered in terms of the relative amounts of sulphonate groups in two 
different environments. The parameter C1 in Table I1 is the fraction of the total 
groups which are in type 1 environment. This fraction is not changed by the 
sulphonation of the ester resin. Hence the detailed structure of the polyrner is 
assumed to be the major factor determining the C1 parameter. 

The fraction (C1) for the ester resin is very different from the C1 parameter 
for the sulphonated polystyrene resins. Thus the detailed structure of the ester 
copolymer is assumed to be very different from that of the styrendivinyl- 
benzene copolyn~er. 

The detailed structure of a resin is dependent on the reactivity ratios of the 
monomers used in the polymerization. The data a t  present available do not 
permit a prediction of the detailed structure of divinylbenzene copolymers. 
However, following the methods discussed by Alfrey, Bohrer, and Mark (1) 
and using the reported data for butyl vinyl sulphonate (9), it has been estimated 
that monomer reactivity ratios similar to those for 9-cyanostyrene could be 
expected for the ester monomer. This indicates that the polymer detail structure 
for the ester resin could be considerably different from the detail structure of a 
styrene-divinylbenzene copolymer. 

CONCLUSIONS 

1. A method of preparation of cross-linked polystyrene-sulphonic ion-exchange 
resins is described. The resin products have properties which differ considerably 
from the properties of resins which are prepared by the sulphonation of cross- 
linked polymers. The method permits the preparation of low capacity ion- 
exchange resins in which the sulphonate groups are distributed throughout the 
resin. Unsupported ion-exchange films of high tensile strength may be prepared 
by this method. 

2. The equilibrium quotients for the sodium-hydrogen exchange on resins 
prepared from the ester monomer are lower and more constant than values 
reported for similar resins prepared by the sulphonation of cross-linked poly- 
styrene. 

3. The nominal cross-linking and capacity are not sufficient to characterize 
a resin of the polystyrenesulphonic type. 

4. Variations in the detailed structure of the resins are postulated as a possible 
explanation. 

5. An equation is developed with parameters which may be interpreted in 
terms of variations of detailed structure. 
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THE RATE OF DISSOLUTION OF COPPER1 

ABSTRACT 

The rate of dissol~~tion of polycrystalline n~etallic copper in sulphl~ric acid 
solutions has been determined as a function of temperature, oxygen pressure, 
rotation speed, hydrogen ion concentration, sample area, arid corroding solution 
volume. A typical set of conditions woulcl involve a volume of 500 ml. of air- 
saturated sulphuric acid solution a t  room temperature and a cylindrical sample 
of copper of I1 sq. cm. area rotated a t  1000 r.p.ni. An empirical rate ecluaiion 
has been given which represents the data with a n  average deviation of &5%. 
The rate equation is discussed in terms of a mechanism in which it is postulated 
that  the rate controlling step in the dissolution of copper is the oxidation of 
cuprous ion a t  the solution-copper interface. 

INTRODUCTION 

Although a number of publications have appeared concerning the corrosion 
of copper, only a few have presented data which are subject to direct interpre- 
tation in terms of a mechanism. Many of the rates of corrosion of copper data are 
based on the metal weight loss divided by the time of the corrosion run. Often 
no attempt is made to determine the effect of time as a variable. Thus the rate 
"constants" so obtained inay be time dependent. Such rate constants are very 
difficult to  correlate and the prediction of copper corrosion rates is therefore 
uncertain. In addition, other variables which may be important are often 
neglected, as, for example, the volume of the corroding medium. 

In this work we have attempted to choose and control conditions so that  the 
data obtained may be subject to interpretation on the basis of a mechanism for 
the dissolution of copper. We have tried to avoid the more cornplex and more 
practical situations. I t  is anticipated that the data so obtained may serve as a 
basis for further work by providing some indication of the dissolution mechanism 
under relatively simple conditions. 

EXPERIMENTAL 

Materials 
The copper samples used in this investigation were machined from refinery 

copper rod and bar stocl:.* A typical analysis for this material is given below. 
Copper 99.95+% Seleniuill O.OOlyo 
Nickel 0.0002% Tellurium 0.0004% 
Iron 0.0004% Bismuth <O.OOOIYo 
Arsenic 0.0004% Gold 0.003 oz. per toll 
Antimony 0.0001% Silver 0.30 oz. per ton 
Lead 0.0002% 

1 Man,uscript received October 15, 1953. 
Contribzrlion from the Depart?nent of Chemical Engineering, Uniuersity of Toronto, Toronto, 

Ontario. 
Financial assistance rues received throz~gh the School of Engineering Research of ! l i p  University 

of Toronto and the Corrosion Sl~bcommittee of the Natiofzal Rescarclz Coi~ncil. 
Comi?zco Research Fellow, 1952-53. 

* W e  are indebted to Anaconda rlnzerican Brass Limited of Toronto ruho szrpplicd the copper 
stock and tile analysis. 
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hletallographic exa~ninations of the samples used were obtained.* The 
photomicrographs are shown in Fig. 1. 

All reagents used were "Analar" reagent grade and all solutions were prepared 
using redistilled water. 

Apparatus 

The rates of dissolution were determined for a cylinder of copper which was 
rotated on a lucite rod. The dissolving medium was contained in a Pyrex beaker 
fitted with a lucite bame plate and cover. The ends of the copper cylinder were 
protected from the dissolving medium by lucite washers. The bealter was sur- 
rounded by a thermostat. An inlet tube for gas bubbling was provided. The 
baffle plate was adjusted to prevent gas from impinging on the sample. 

Procedure 
The cyliildrical copper sample about three quarters of an inch in length and 

diameter was polished with 3/0 emery paper, washed with water, and dried with 
absolute alcohol. The corroding solution was saturated with the oxygen-nitrogen 
mixture. The sample was rotated on the lucite rod in the corroding medium with 
the gas bubbling continuously a t  a rate of about one liter per minute. 

Three milliliter samples of the corroding solution were withdrawn fro111 time 
to time and analyzed for copper using the polarograph (5). Because of the 
possibility of hydrogen peroxide formation (I) the samples were evaporated to 
dryness a t  110°C. prior to the diffusion current measurements. 

RESULTS AND DISCUSSION 

The stoichiometry for the dissolution of copper is as follows: 

All of the data reported here have been obtahed under such conditions that 
hydrogen ion and oxygen were in great excess. The copper flux was of the order 
of 5 X lop5 moles per liter per hour. The oxygen concentration in the bulk of 
the solution was of the order of 2 X 10-"moles per liter and it was continuously 
replenished by bubbling. The hydrogen ion concentration in the bulk of the 
solution was a t  least moles per liter and it remained unchanged during 
each rate determination. 

All of the rate data obtained under these conditions are of the typical form 
shown in Fig. 2. The data have been plotted in subsequent diagrams as the 
square root of the cupric ion concentration versus the time, since this plot was 
found to be linear in all cases. 

I t  will be noted that all of the plots in Figs. 3 to 8 show an ordinate intercept 
implying a copper concentration of about 2 X molar a t  zero time. The 
data plotted in Fig. 7 show that this intercept may be reduced to a value corre- 
sponding to about 2 X molar cupric solution a t  zero time by leaching the 
dissolution apparatus with hydrochloric acid for considerable periods of time. 
Thus the intercept is considered to result from the adsorption of copper ions 

*Metallographic examinations were done by Dr. W .  C. Winegard, Departnzent of Afetallzrrgy, 
University of Toronlo. 
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FIG. I ,  .A. I ' l~oto~~~icrogmpl~ XlOO typical of samples 1, 2, ancl 3 cut from bar stocl:. 
FIG. 1 ,  B. Photomicrograph X100 of s a ~ l ~ p l e  cut from rod stock. 
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LU A N D  G R A Y D O N :  DISSOLUTIOiV OF COPPER 

4800 R.RM. 

25.1-C. 
- pH I tins04 

500 ml. 

10.8 sq.cm. 

- AIR 

- 

- 

5 10 15 20 25 

T I M E  . HOURS 

FIG. 2. Rate of dissolution of copper. The figures in the upper left hand corner refer to the 
sample rotation speed, temperature, acidity, and the acid species in the corroding medium, 
the volunle of the corroding medium, the area of the copper sample, and the composition of 
the gas in equilibrium with the corroding medium. 

on the glass and lucite rod. All of the data given were determined in apparatus 
which was cleaned and rinsed in the normal way only. Thus each plot shows an 
intercept which is somewhat variable and which may be regarded as dependent 
on the history of the dissolution apparatus. In addition it is possible that a 
portion of the intercept may result from the dissolution of an oxide Iayer on the 
metal sample. From the data of Miley and Evans (6) we estimate that this 
possibility might account for an intercept corresponding to about 2 X 
moles per liter of copper. 

25.1" C. 

pH I  HE'S04 
5 0 0  ml. 
10.8 s q.cm. - 
A I R  
A 2 5 0  R.P.M. 

- 5 0 0  * ?  

@ 9 8 0  

e 2 0 0 0  . *  
- 0 4 8 0 0  * .  

I I I I I - 
5 10 15 2 0 2 5  

T I M E ,  HOURS 

FIG. 3. The effect of rotation speed. 
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- 
4800  R.P.M. 

25.1°G 

- PH I H2S04 

500ml.  

- 

- 

I I I I I 

T IME , HOURS 

FIG. 4. The effect of osygen concentration. 

4800 R.P.M. 
P H  I H2S04 

500 rn I. 

I 1 I I I 
5 10 15 20 25 

T I M E  , HOURS 

FIG. 5. The effect of temperature. 

TIME,  HOURS 

FIG. 6. The effect of sample area and sol~ltion volume. 
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LL' AND GR:lYDON: DISSOLUTION OF COPPER 

T I M E ,  H O U R S  

F I G .  7 .  Variation in the intercept a t  zero time. 
(J and 0 Apparatus was washed and allowed t o  stand overnight in redistilled water 

after each run. 
@ Apparatus was washed and allowed to stand overnight in 6 N hydrochloric 

acid then rinsed with redistilled water. 
Q Apparatus was washed with five portions of 6 N hydrochloric acid. The total 

t ~ m e  of contact being 48 hr. Rinsed and allowed to stand in pH 1 su lph~~r ic  
acid overnight. 

980  R.P.M. 
25.1° C. 

- p H  I H z S 0 4  
500 ml. 
10.8 sq.cm. 

- A I R  

- 

I I I I I 
5 10 15 20 2 5 

TI M E  , H O U R S  

FIG. S. Rates for various copper samples. 
8 Sample from bar 1. Sarnple from bar 2. A Sa~nple  from bar3. 0 Sarnple from rod 4. 

Three samples from rod 4 were used in obtaining data in Figs. 2-7. 

Rate Defiendence on  Czcpric Ion  Concentration 
The data shown in Figs. 3 to 8 illustrate clearly the linearity of the plot of tlie 

square root of the cupric ion concentration against time. 
Thus for the conditions used in this work we may write, 

d [Cuif-]/dt = k [cu*]~. 

This rate dependence has been considered on the basis of the following 
assumptions. 

(I) The cupric-ion concentration in the bulk of the solution is assumed to be 
essentially the same as the cupric-ion concentration a t  the copper-solution 
interface. 
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(2) The cuprous-ion, cupric-ion equilibrium, C11 + Cu++ 2Cu+, is 
assumed to be established a t  the interface. 

(3) The rate of dissolution of copper is assumed to be controlled by the 
rellloval of cuprous ions from the interface by a reaction which is first order with 
respect to cuprous ion. 

where subscript i refers to copper-solution interface, or 

By assumption (2) d[Cu++]/dt = KK'[CU~++];, 

where K'  = [cu+]/[cL~++]~. 

By assumption (I) d[Cu++]/dt = KK'[CU++]$. 

Rate Dependence on Revolutions Per  hlinute 

The possibility that this first order removal of cuprous ion might be by 
diffusion seems to be eliminated by the very small effect of rotation speed on the 
rate of dissolution of copper. As may be seen from Table I the variation in rate 
is less than 8% between 250 and 4800 r.p.m. 

TABLE I 
SLOPES FROM FIGURE 3 

These observations confirm and extend the data of Glauner (2) who found 
little variatioil between 150 and 350 r.p.m. The possibility that this small effect 
of r.p.m. might result from diffusion in the pores of an oxide layer seems unlikely 
because of the low pH of the corroding media. Although some elevation of pH 
at the interface is to be expected, a hydrogen ion flux of about gram-ions 
per liter per hour from a bulk concentration of 10-I gram-ions per liter could 
have only a negligibly small effect. On the basis of the snlall effect of sample 
r.p.m. on the dissolution rate, i t  is assumed that cuprous ion is removed from the 
interface by a chemical reaction. 

Rate Dependence on Oxygen Pressure 
The data plotted in Fig. 9 show that the rate of dissolution of copper is pro- 

portional to the square root of the oxygen pressure in the gas phase with which 
the dissolving solution is equilibrated. Russell and White (7) reported that the 
corrosion of copper was directly proportional to the concentration of dissolved 
oxygen. However, in their work the corrosion of copper was measured in terms 
of weight loss over a 24 hr. period. 
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4 8 0 0  R.P.M. 
25.1" C. 

pH I HzSO4 
- 5 0 0  ml. 

10.8 sq.cm. 

- 

pH I HzS04 
5 0 0  ml. 
@ 4 8 0 0  R.P.M. 10.8 sq.cm. OXYGEN 
0 .. ,, AIR  

9 9 8 0  R.P.M. 5 .55 sq.cm. 1 8  

- 

: I % I I I 

FIG. 9. Rate of dissolution as a function of oxygen concentration. 
K is slope of plot fro111 Fig. 4. 

FIG. 10. Rate of dissolution as  a function of temperature. 
K is slope of plot from Fig. 5. 

This method of calculating "rate constants" gives values which are dependent 
on the time. If the data of Russell and White are recalculated on the basis of the 
square root of cupric ion concentration versus time, the rate constant obtained 
is a function of the square root of the oxygen concentration. 

To  interpret the above we assume that the rate determining reaction in the 
dissolution of copper under the conditions of these experiments is of the following 
nature: 

This oxygen dependence implies either a surface adsorption isotherin which is 
linear over the range of oxygen concentrations used or alternatively that the 
oxygen dissociation occurs in the liquid phase. 

Rate Dependence on Tenzperature 
High temperature coefficients for the rate of dissolution of copper have been 

reported (4). I t  has been implied that chemical reaction control rather than 
diffusion control is thereby indicated. As shown in Fig. 10 we find a temperature 
coefficient corresponding to an activation energy for the dissolution of copper 
of 14 lcilocalories per mole. In order to  compute the activation energy for the 
controlling reaction on the basis of the mechanism postulated above, the activa- 
tion energy for dissolution must be corrected for the temperature variations of - - 

the assumed equilibria. 

cui++ + Cu * 2 Cu,+ 
O2 gas O2 solution 

0 2  solution * 2 Oi. 

Tllerinodynamic data are available for the first two of these equilibria but not 
for the third. The value of 14 kilocalories does not in itself confirm the chemical 
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9 8 0  R.P.M. 

25°C 

- pH1 H2S04 
AIR 

- 

4 8 0 0  R.P.M. 

35%. 

I I I 
5 10 15 

TIME , HOURS 

FIG. 11. Rate of dissolution as a function of sample area and soliltion volu~ne. 
K is slope of plot from Fig. 6. 

FIG. 12. Effect of surface roughness. 

reactioil control of dissolution. The chemical reaction nlechanisrn which is 
assumed above is thus based, a t  present, on the r.p.nl. and oxygen concentration 
dependence clata. 

From Fig. 10 it  may be seen that the activation energy of dissolution is not 
affected by the variations in the conditions used. These data thus indicate that 
there is no change in the controlling mechanism. 

Rate Dependence on Sample Area. and Corroding Solution Volz~me 
The rate of dissolution of copper has been found to be directly proportional 

to the area of the sample used and inversely proportional to the volume of the 
corroding medium as shown in Fig. 11. Some dependence on the volunle of the 
solution is required whether the mole rate of clissolution or the concentration 
rate is considered. 

where I ( represents number of moles. 
The area of the sample used in the above correlation was the gross apparent 

surface area obtained by micrometer measurement. The precision of the data 
indicates either that the method of polishing produces a true surface area which 
is proportional to the gross surface area or that the rate of dissolution of copper 
is not sensitive to ininor variations in surface roughness. Large variations in 
surface roughness, produced by etching in sulphuric acid solutiorl for about 
70 hr., did change the rate of clissolution as s11011rn in Fig. 12. This effect of surface 
roughness was also observed as an increase of rate constant for polished samples 
which were allowed to  dissolve for periods up to 48 hr. 
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T h e  Effect of Ilydrogen I o n  Concenfrafion 
The data discussed above were obtainecl in solutions a t  pH 1. As shown in Fig. 

13 there is oilly a small variation in the rate of dissolution for solutions of lower 

r\ 0 
V 

4 8 0 0  R.P.M. 
2 5 . I ' C .  

H z S 0 4  

5 0 0  ml. 

1 0 . 8  sq .cm.  

A I R  

I I I I I I I I I 

FIG. 13. Rate of clissolution as  a function of hydrogen ion concentration. 
R represents d[Cuff]+/dt and [H+] represents hydrogen ion concentration in gram-ions per 

liter. 

pH than this value. However, the rate decreases sharply for solutions Inore 
dilute with respect to hydrogen ion. The recluction in the rate may result from 
film forination on the metal a t  higher pH values. Alternatively the rate depen- 
dence may result from. the adsorption of hydrogen ion a t  the interface. This 
latter possibility could be interpreted in terms of a rate controlling reaction of 
the following nature. 

Although the data a t  present do not permit a conclusive choice of reactions 
for the rate of dissolution of copper, the following set of reactions is presented as 
a suggestion. 

CLI~++ + CU 2 Cui+ Eq~~i l ibr iun~ 
CLI i+ + Hi+ + 0 i + CLI i++ + OHi Slow 
Cui+ + OHi -t Cui+++OHi-  

This lllechailisnl satisfies the rate dependence on cupric ion and oxygen concen- 
trations and alsdthe stoichiometry. 

E,rnpirical Epuabion and Range of Appl icat ion 
The data discussed above may be sulnnlarized in the form of the following 

eq~~at ion  

- lCu 1 /dt  = K e-'14.1'RT' [CLI"]~ (p,,);, 

- 
where I C L I ~  represents moles of copper per unit area 
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where 
[Cuff] = 0-2.5 X 10-holes/liter 

T = 288-328°K. 
A = 5.47-11.10 sq. cm. 
Tr = 0.25-0.75 liter 
t = 3-30 hr. 

( p O 2 )  = 0.051-1.00 atm. 
[I-lf] = 0.1-0.75 gm. ions per liter. 

The value 4.92 X lo6 is an average of 40 plots. The average deviation from 
this value was h0.24 X loG absolute or about 575. 

The major portion of this work was done with three samples cut froin a single 
copper rod. In order to eliminate the possibility that the data obtained might be 
applicable to that rod only, the data given in Fig. 8 were obtained. As shown in 
Table I1 below the data obtained for four sa~nples, each refined a t  a different 
time were found to be within the average deviation stated above. 

TABLE I1 
RATE CONSTANTS FROM FIGURE S 

I I I 

Sample Deviation from Deviation from 
average 1 4.92 X 10" 

1 
2 
3 
4 

Average 

Very little clata have been published for the dissolution of copper with time 
as a variable. Data of this sort have been presented by I h t z  (3) for nearly neutral 
or slightly acidified corroding media. 

Froim our own data on hydrogen ion concentration dependence it is apparent 
that no correlation of rate constant values is to Ile expected. However, the data  
of Icatz when replotted as the square root of the weight loss against tirne gave 
linear plots for time up to 30 days a t  16.3"C. This would indicate that the 
equilibrium reaction assumed in our mechanism is a valid assumption for the 
conditions used by Katz. 

Glauner (2) has also published data for the dissolution of copper as a function 
of time. Three of his experiments were conducted in sulphuric acid media. Al- 
though the experimental conclitions were different from those described in this 
paper, Glauner's clata when I-eplotted on the square root basis gave linear plots 
up to 50 hr. as illustrated in Fig. 14. In addition the rate constants calculated 
from Glauner's replotted data were in good agreement with the constant deter- 
mined above as shown in Table 111. 
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250 R.P.M. 
25'C. 

- HzS04 

5.000 ml. 

6 2.70 N HzSO4 
0 1.35 N 

- 0.27 N 

1 I I - 1 I _ 

FIG. 14. Replotted data of Glauner (2) for polycrystalline copper of random orientation 
in sulphuric acid. 

TABLE I11 
RATE CONSTANTS FROM.DATA OF GLAUNER (2) 

I I I 
Sulphuric acid Rate constant for Rate constant Deviation 

normality Glauner's data predicted 

Average 

CONCLUSIONS 

An empirical equation has been established for the rate of dissolution of 
metallic copper in oxygenated sulphuric acid solutions. 

I t  is suggested that the rate of dissolution of copper is controlled by the rate 
of oxidation of cuprous ion a t  the coppersolution interface. 
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THERMODYNAMIC PROPERTIES OF XENON IN THE 
CRITICAL REGION1 

ABSTRACT 

Using the detailed compressibility data in the critical region of xenon given in 
the preceding paper, supplerncnted by nleasurements of Beattie, Barriault, and 
Brierley over a wider range of tenlperatures and densities, thermodynamic 
properties have been calculated for the critical region-extending from the 
critical temperature to 50" above it and from low densities to somewhat above 
the critical density. The values of C, a t  the critical density are in good agreement 
with those calculated from acoustical data a t  temperatures higher than T, + lo; 
closer to the critical temperature however, the C, values derived from the 
equation of state data becorne much greater than those derived from the acoustic 
data. This difference can be accounted for by dispersion effects in the high 
frequency acoustic data near the critical point. 

INTRODUCTION 

The compressibility data for xenon in the region of the critical point presen- 
ted in the preceding paper (4) have been used to derive the thermodynamic 
properties in this region. By supplementing our data with those of Beattie, 
Barriault, and Brierley (I) ,  we have been able to extend these calculations 
down to low densities and to a temperature 50° above the critical in order to 
show the variations in the various properties near the critical point. Of the 
various thermodynamic properties, the specific heat is of particular interest. 
C, has a finite maximum a t  the critical point and C ,  becoilles infinite. 

Somewhat similar calculatioils have previously been carried out for carbon 
dioxide by Michels, Bijl, and AfIichels (5). They found an increase in C, a t  
the critical point of about 10 cal./mole deg. over the low density value, but 
their measurements (6) in this region were not very detailed. A recent calori- 
metric study, also on carbon dioxide, by NIichels and Strijland (7) indicated 
values in excess of 20 cal./mole den. for the increase in C,. These authors - 
give references to earlier workers who have attempted to determine C, or C, 
a t  the critical point calorimetrically. 

Froill our measurements ( d P /  dT)V can be evaluated more accurately than 
( d V/  dT)p or ( dP /  d V) T. We have therefore used the following relationships 
in calculating thermodynamic properties: 

Manuscript received October 7, 1955. 
Cotztributiotc from the Division of Pure Chemistry, National Research Coz~ncil, Ottawa, 

Canada. Isszred as N.R.C. No. 5164. 
2 National Research Cotlncil of Ca?tada Postdoctorale Fellow. 
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HABGOOD AND SCHNEIDER: THERMODYNAAfIC PROPERTIES OF XENON 165 

where the starred quantities refer to an ideal gas. From these quantities the 
differences from the ideal gas values for E,  H, and F may be readily calculated 
as : 

[51 (E* - E ) , ,  = (A* - A )  + T(S* - S ) ,  

I61 (F* - F ) , ,  = (A* - A )  + (RT - [P/pl), 

171 (II* - I I ) , ,  = (E* - E )  + (RT - [P/P]) .  

CALCULATIONS AND DISCUSSION 

Evaluation of ( dP/ dT) and ( d2P/ dT2) 
I t  was necessary to determine ( d P / d T )  and (d2P/dT2)  over the tempera- 

ture range of interest and a t  all densities down to zero density. From our 
measurements we first determined ( aP/ dT)  and ( d2P/ dT2) as functions of 
temperature for each isochore. Some attempts were made to fitanalytical 
functions to the data but none of these were very promisi~lg and graphical 
methods were used. 

Large-scale plots of P against T were made for each density. For conven- 
ience, the difference between the measured pressure and that corresponding 
to an arbitrary isochore of constailt slope was plotted. The various isochores 
formed a family of gently curved lines, each branching from the vapor pressure 
curve a t  the maximum temperature of liquid-vapor coexistence. For most of 
the isochores sufficient measure~nents had been taken to establish inclepen- 
dently the vapor pressure curve for each. These curves were in good agree- 
ment except for two which seemed obviously displaced to slightly lower 
pressures, presumably by s~nall constant errors, and which were so drawn in 
order to minimize the effect 011 the slopes. 

The temperature of branching for each isochore taken as the temperature 
of apparent intersection of the two arms of the curve was in good agreement 
with the observed maximum coexistence temperature. MTithin 0.01" of the  
critical temperature, the maximum coexisteilce temperature was not always 
determined but was sometimes taken from the coexistence curve of Wein- 
berger and Schneider (9) which appeared to agree with our observations in 
this region. 

The average deviation of the measured pressures from the curves was less. 
than 0.001 a t ~ n .  and a few deviations were as high as 0.004 atm. The greatest 
scatter occurred in the neighborhood of the branching point where the high 
specific heat and slow approach to equilibrium made determinations more 
difficult. This was partly compensated by the greater number of measurements. 
taken in this region. 

From these curves pressures were read off a t  intervals of 0.01" to 0.05"' 
and from the differences were constructed curves of ( d P / d T )  vs. T - T ,  
where T ,  is the critical temperature, 16.590°C. These curves are shown in 
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1 I I I I I I 
- 3.0 - 2.0 -1.0 0 1.0 2 .O 

T-T, ..G. 

FIG. 1. (aP/aT)p  from snloothed isochores. 

Fig. 1. From them, curves of (a2P/aTZ)  vs. T - T, were obtained by a 
similar process. 

Qualitatively, the general shape of the curves in Fig. 1 appears to  be clearly 
established, particularly a t  densities away from the critical where the slope, 
i.e. ( aZP /  aT2), increases regularly in absolute value with decreasing tempera- 
ture towards the condensation point, presumably beconling infinite when a 
second phase appears. Near the critical density we have assunled that the 
curves have the same general nature although the value of the slope very 
close to the branch point can be little more than a rough estimate. To  some 
extent, the uncertainty can be reduced by smoothing ( a P / a T )  against p for 
various temperatures. 

The degree of uncertainty in the curves of ( aP/ aT) may be illustrated by 
plotting directly the values of AP/AT obtained from the differences between 
successive measurements. This is done in Fig. 2 for the isochore a t  7.68 moles/ 
liter where the measured pressures exhibit an average degree of scatter from 
a smooth curve. On this plot of the observed (AP/AT)'s we have superinlposed 
( a P / a T )  obtained from the smoothed P-T curve as described above. I t  
can be seen that while ( a P / a T )  is fairly well established over most of the 
range, a relatively small shifting near the steep portion of the curve could 
cause a considerable change in the value of (d3P/  a F )  a t  a particular tempera- 
ture. 

At low densities (a3P/  aTZ) is very small and the data of Beattie et al. ( I )  
covering a wide temperature range were more satisfactory than measurements 
restricted to just a few degrees. Their data were also used to cover the com- 
plete density range a t  higher temperatures so that C, could be calculated a t  
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FIG. 2. Experimental values of (AP/AT) a t  7.68 ~noles/liter. Solid curve taker1 from Fig. 1 
obtained from smoothed isochore. 

temperatures up to 50" above the critical. Unfortunately, their measurements 
did not extend below 16.65" so there is addecl uncertainty in the derivatives 
a t  the lowest temperatures. 

While the required derivatives could be calculated from the Beattie- 
Bridgeman equation of state [I] or the virial equation [Z ]  to  which their data 
were fitted, these values, particularly (d2P/  dT2), would require correction 
by a graphical analysis of the relatively large and systematic deviations. 
I t  was therefore more convenient and almost equally accurate to  apply 
graphical methods directly to their data. This was done by drawing smooth 
curves through plots of AP/AT vs. T obtained from readings a t  successive 
temperatures for each density. The first interval was 8.35" and succeeding 
intervals were 25". Away fro111 the critical point the curves could be drawn 
with but slight uncertainty ant1 near the critical point, values of ( d P / d T )  
fro111 our n~easuren~ents could be fitted sn~oothly to these plots. Values of 
(d2P/  dT2) were then obtained as the slopes of tllese curves. 

Heat Capacities at Constant Volume and Constant Pressure, C, and C,  
T o  determine C,  according to Equation 1 values of -(l/p2) d2P/aT2 

were plotted against density for various temperatures. The limiting value a t  
zero density is (d2B/ dT2) where B is the second virial coefficient in the virial 
equation 

This was estimated from the virial coefficients given by Beattie et al. (2). 
These curves are shown in Fig. 3, the points for some temperatures being 
omitted for clarity. C, was then determined by graphical integration of the 
area under the appropriate curve from 0 to the desired density. 

The values for C,  are given in Table I ,  the zero density value for an inert 
gas being 2.98 cal./mole deg. These values are plotted as functions of density 
in Fig. 4. For the three temperatures nearest the critical the values appear to 
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-o.oo64/ 6  7 8 1 9 1 10 

DENSITY.  M O L E S l L l T E R  

FIG. 3. Curves of ( d ? P / d F )  vs. p for evaluation of C,. 

TABLE I 
HEAT CAPACITY AT CONSTANT VOLUME, C, (CAL./MOLE DEG.) 

- 
Density, 

6 7 8 8.37 

. I 

be obviously in error a t  the highest densities. This is believed to  be mainly the 
result of fewer measurements having been made a t  densities greater than the 
critical. For the vapor region below the critical temperature it was possible 
from the curves of Fig. 3 to estimate C, a t  densities approaching the condensa- 
tion point but these values are considerably more uncertain. 

The density of maximum C, is 8.37 moles/liter which is somewhat lower 
than the critical density found by Weinberger and Schneider, 8.42 n~oles/liter. 
As mentioned in the preceding paper, our observations of coexistence tempera- 
tures and densities would support the critical density found by Weinberger 
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and Schneider or even a slightly higher value. I t  would thus appear tha t  
the density of maximum C, is slightly lower than the critical density as 
determined from the coexistence curve, but the evidence is rather incomplete. 
I t  is difficult to give a reliable estimate of the probable accuracy of these C, 
values. The principal source of uncertainty is in the determination of ( a2P/ aT2) 
and the nature of this uncertainty is such as to favor somewhat lower values 
of C,. 

The values of C, determined in this manner may be compared with C, 
calculated from the measured velocity of sound, c, using the relationship 

O b 

Chynoweth and Schneider (3) measured ultrasonic velocities a t  the critical 
density a t  frequencies of 250 kc. and 1250 kc. Using these velocities and the 
values of (aP/  aT) and (aP/  av )  found in the present work we have calculated 
C, from Equation 9 from 0.4" below the critical temperature to 2.0" above. 
These values together with the values for the critical density from Table I 
are presented in Fig. 5. There is seen to be an apparent frequency dependence 
in C, near the critical point, the value from PVT data, which may be considered 
to  represent a low frequency limit, being much greater than the high frequency 
values. Such behavior has been noted previously by Schneider and Chynoweth 
(8) and explained in terms of structural relaxation processes near the critical 
point. I t  was also pointed out that the variation with frequency should more 
properly be considered to be not in C, but in the quantities ( a P / a T )  and 
(aP/av) ,  i.e., the critical system is very highly compressible to  a slowly 
applied force but only slightly compressible to very rapidly varying pressure 
changes. The region of this dispersion is confined to within less than 1" of the 
critical temperature. This is also the region of maximum ultrasonic absorption 
and of visible opalescence. Above T ,  + 1" the C,'s obtained from the two 

I 
2 4 6 8 1 0  

DENSITY. MOLES/LITER 

FIG. 4. Heat capacity a t  constant volume, C,. 

I I I I 
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A P P A R E N T  C, F R O M  SOUNO V E L O C I T Y  

FIG. 5. C, a t  the critical density comparetl with C, calculated from acoustical measure- 
ments. 

sources agree within 3y0 which may be regarded as a very satisfactory check. 
I t  is perhaps worth pointing out that to  determine C, using Equation 9 and 
the velocity of sound, one need know only the first derivatives a t  the point in 
question rather than second derivatives a t  all densities down to zero. 

To  calculate C, - C, according to Ecluatiorl 2, j aP/ d ~ ) ~  was required. 
For our data this was estimated from large-scale plots of the P - ,o isotherms 
and for the data of Beattie et al. it was determined from the Beattie-Bridgeman 
equation supplemented by a graphical analysis of the deviations. ( dP /  aT) 
had already been obtained in cleterminiilg (d2P/  aT2) for the evaluation of C,. 
The resulting vaIues of C, - C, are given in Table I1 and plotted in Fig. 6. 

TABLE I1 
C,, - C, !CAL./MOLE DEG.) 

Density, 
moles/l. 

\ I  T - Tc,  
3 ' 6  7 7 . 1  8 8.37 9 10 

_______________--------_I---__ 

0 1.99 11.08 160 818 2700 23,400 13,600 200 
0.10 1.99 2200 12,300 30,600 9,500 
0.20 1.99 1800 7,300 13,800 4,200 
0.50 1.99 1300 2,700 4,600 1,600 
1.50 1.99 10.76 610 900 955 640 
5.00 1.99 1.0.20 75 146 19s 206 196 177 94.3 

10.00 1.99 9.50 51.4 79.9 91.2 98.2 99.7 88.7 66.2 
50.00 1.99 6.34 14.7 17.0 17.7 18.0 18.0 17.7 16.8 

The very large values are determined aImost exltirel~ by the ( aP/ d p )  tern1 
in the denominator which becomes very sinall near the critical point. The 
uncertainty in this region is consequently m~lch greater than elsewhere. 
Fig. 6 shows the rather wide range of densities over which C, is very large. 
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5 6 7 8 9 1 0  
DENSITY, MOLES/  L ITER 

FIG. 6. Difference in  heat capacities a t  constant volullle and a t  constant pressure, Cp - C,,. 

This explains, in part, the difficulty in achieving a true temperature equili- 
brium in a system near the critical point. 

Entropy 
Evaluation of the entropy in excess of the ideal gas value was straight- 

forward once ( dP/ dT) had been determined. Tlle quantity [(l/p2) ( dP/ dT) - 
R/p]  was found to be approximately constant over the whole density range. 
I t  was plotted against density and the area under the curve determined 
graphically. The limiting value at zero density is (dB/dT), B being the second 
virial coefficient in Equation 8. The probable errors are estiinated to be 1% 
or less. 

TABLE 111 
ENTROPY, S* - S (CAL./MOLE DEG.) 

Density, 

6 7 8 8.37 9 10 

---- ---- ---- -- 
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Table 111 lists the values of (S* - S )  where S* is the value for an ideal gas. 
The entropy considered as a function of density ancl temperature shows only 
a slight abnormality near the critical point. 
Other Properties 

To  calculate the differences from the ideal gas values of A ,  the Helmholtz 
free energy, the quantity [RTIP - P/p" was found to give an almost linear 
plot against density and differences from linearity could be  lotted on a large 
scale and evaluated graphically. A small constant correction was applied to 
make the measurements of Beattie et al. consistent with ours since their 
pressures were slightly higher. A* - A is tabulated in Table IV. 

The differences from the ideal gas values of E, the internal energy, F,  the 

TABLE IV 
HELMHOLTZ FREE ENERGY, A* - A (CAL./MOL&) 

TABLE VI 
GIBBS FREE ENERGY, F* - F (CAL./MOLE) 

D e n s i t y ,  

8 8 .37 9 10 
T -  Tc, 

-- 

Gibbs free energy, and H, the enthalpy, were calculated directly according to 
Equations 5 to  7 and are given in Tables V, VI, and VII. 

TABLE V 
INTERNAL ENERGY, E* - E (CAL./MOLE) 

D e n s i t y ,  1 
moles/l. 

10 

---- 

611.66 
608.37 
600.38 
589.64 
508.98 

8.37 

-- 

536.96 
534.03 
528.03 
518.59 
449.31 

0.00 
1.50 
5.00 

10.00 
50.00 

-- 

Density, 
moles/l. \ 2- - Tc, 

0 
1.50 
5.00 

10.00 
50.00 

9 

566.56 
563.49 
556.07 
546.15 
472.67 

---- 

518.15 
515.33 
508.54 
499.47 
433.15 

---- 

410.57 
408.36 
403.04 
395.94 
344.44 

221.03 
219.91 
217.32 
213.66 
186.84 

-- 

466.22 
463.69 
457.58 
449.45 
390.42 

10 

1257.37 
1249.67 
1240.05 
1227. 60 
1167.28 

8.37 

-- -- 
1116.20 
1103.57 
1091.24 
1076.07 
1006.91 

8 

--- -- 
1076.67 
1064.57 
1051.20 
1035.84 
966.15 

9 

-- 
1171.88 
1161.14 
1148.64 
1134.17 
1067.47 

444.46 
441.61 
437.56 
431.34 
399.86 

6 1 
--- 

844.73 
838.48 
828.28 
815.83 
753.77 

-- - 

965.14 
956.75 
944.30 
929.83 
861.96 
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These p r o p e r t i e s  l ikewise,  cons ide red  as f u n c t i o n s  of d e n s i t y  a n d  tempera- 
t u r e ,  do n o t  show any p r o n o u n c e d  effect  at the c r i t i ca l  p o i n t .  If they are 
cons ide red  as f u n c t i o n s  of p ressu re  and t e m p e r a t u r e  as i s  o f t e n  d o n e ,  the 
b e h a v i o r  at the c r i t i ca l  p o i n t  becomes more extreme reflecting t h e  P-p 
r e l a t ionsh ip  he re .  

TABLE VII 
ENTHALPY, H* - H (CAL./~IOLE) 

Density, 
moles/l. 8 8.37 9 

T - Tc, 

-- 
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THE HYDROLYSIS OF THE CONDENSED PHOSPHATES' 
I1 (A). T H E  ROLE O F  T H E  HYDROGEN ION I N  T H E  HYDROLYSIS O F  SODIUM 

PYROPHOSPHATE 
I1 (B). T H E  DISSOCIATION CONSTANTS O F  PYROPHOSPIIORIC ACID 

ABSTRACT 

The general rate equations for the hydrolysis of pyrophosphate anion proposed 
by Muus have been proved to be inapplicable over the pH range 2.0 to 11.0. 
A general rate equation is proposed which is based on the assuhlption that each 
anionic species of pyrophosphoric acid hydrolyzes a t  a rate which depends on 
its concentration, and that the only role of the hydrogen ion concentration is to 
determine the proportion of each species present in the solutio~l. A mechanism 
for the hydrolysis of pyrophosphate anion is suggested. 

The dissociation constants of pyrophosphoric acid have been determined a t  
65.5"C. for the concentration range 0.08 to 0.18 molar. 

I1 (A). T H E  ROLE O F  T H E  HYDROGEN ION I N  T H E  HYDROLYSIS OF SODIUM 
PYROPHOSPHATE 

INTRODUCTION 

In the first paper (9) on this subject, it was established that the rate of hydro- 
lysis of sodiuin pyrophosphate in solution depended on the hydrogen ion con- 
centration but  that this hydrolysis was a first order reaction when a constant 
hydrogen ion concentration was maintained. Fig. 1 is the curve obtained by 

I I 

FIG. 1. Effect of pH on rate of hydrolysis of s o d i ~ ~ m  pyrophosphate in solut io~~.  

plotting the first order rate constants against the pH of the pyrophosphate 
solutions. 

Although there was no evidence of a base-catalyzed hg~drolysis over the entire 
pH range investigated, Fig. 1 shows that hydrogen ion is an effective catalyst. 
I t  is also evident that  the relationship between the rate of hydrolysis and the 
hydrogen ion concentration is not a simple one. If, for example, we assume a 
rate equation of the form: 

1 AIanzcscript received Scptenzber 28, 1953. 
Contributson frottt tlte Departgrzent of Chenzistry and the Electric Reduction Contpany 

Fellowship, Ontario Research Forcndation, Toronto, Ogttario. 
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McGILVERY AND CROWTHER: CONDENSED PHOSPHATES 175 

where C is the concentration of pyrophosphate a t  time t (this includes all the 
various forms of pyrophosphate which may be present in the solution, as e.g. 
H4Pz07, H3P207-, etc.), it is found that the data are best satisfied by a value of 
about 1/4 for n. 

I t  is difficult to  conceive of a mechanism which would satisfactorily explain 
the fractional power of the hydrogen ion concentration. Furthermore, this rate 
equation implies that all the pyrophosphate forms in the solution are equivalent 
in so far as hydrolysis is concerned. Although this might be true, it seems likely 
that the reactivity of a pyrophosphate anion is influenced by its degree of 
ionization. Since pyrophosphoric acid is polybasic, pyrophosphate solutions 
contain a variety of partially dissociated anionic species, the relative amounts of 
which are determined by the pH of the solution and the dissociation constants. 
Thus, in a pyrophosphate solution, the following ions would be present:H3P2071-, 
HzPz072-, HP2073-, and Pz074-. In addition some undissociated acid H4Pz07 
would occur. For convenience in what follows, references to the anionic species 
present in pyrophosphate solutions will include the undissociated H4Pz07. 

Rate Equations for Hydrolysis of Sodium Pyrophosphate Solution 
If the ease of hydrolysis of sodium pyrophosphate solutions depends on the 

.anionic species, i.e. H3P2071-, H~P207~-,  H P Z O ~ ~ - ,  P z O ~ ~ - ,  and H4P~07, it is 
doubtful whether any simple rate equation which takes the form of equation [ l ]  
will fit the observational data over a wide range of hydrogen ion concentrations. 

A general rate equation for the acid-catalyzed hydrolysis of pyrophosphate 
solutions is: 

where C is the concentration of pyrophosphate a t  time t ;  , 

t is the reaction time; 
[H+] is the hydrogen ion concentration; 
[Ha], [Hi], [Hz], [Ha], and [H4] are the concentrations of Pz07"-, HPz073-, 
H Z P Z O ~ ~ - ,  H3P207l-, and H4P207, respectively; 
fo[H+], fl[H+], fz[H+], f3[H+], and f4[H+] are the hydrogen ion concen- 
tration functions associated with the rate of hydrolysis of f10, Hi, Hz, f13, 
and H4, respectively; 

and [Ha], [Hi], [Hz], [IT3], and [H4] are interrelated in accordance with the 
dissociation constants of pyrophosphoric acid. 

In order to find a rate equation for the hydrolysis of pyrophosphate solutions 
which fitted the experimental data, simple forms of equation [2] were investi- 
gated. 

Muus (7) considered that the different anionic species of pyrophosphoric acid 
reverted a t  different rates, and the rate equation which he proposed assumed that: 

where the kt's are the hydrolysis rate constants associated with the various 
anionic species and i = 0, 1, 2, 3,4 .  Thus R/luus' (7) rate equation toolc the form: 
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where the synlbols represent the same factors as above. Muus (7) ,  however, only 
investigated the hydrolysis of pyrophosphate solutions over the pH range 0.91 
to 1.4, and hence could not verify equation [3] outside this range. Within this 
pH range, Muus (7)  believed that the anion H3P20< (H3)  was the only species 
of pyrophosphate that played a significant rate determining role, and hence 
equation [3] reduced to the form: 

[3aI - dC/dt = k 3 [H+:J [I$,]. 

Another simple assumption from a kinetic point of view is that each anionic 
species hydrolyzes a t  its own specific rate which is quite independent of the 
hydrogen ion concentration. In such a picture, the only role of the hydrogen ion 
is to determine the proportion of each species present in the pyrophosphate 
solution, and thus 

f i[H+] = k i ,  where i = 0 ,  1, 2, 3 ,  4. 

The rate equation would then be: 

[41 -dC/dt = ko[Hol + k i[Hi]  + kz[Jlzl + k3[H3I + k4[1541, 

where the symbols represent the same factors as above. 
The above rate equations cannot be tested for applicability without a know- 

ledge of the relationship between the proportions of each anionic species and the. 
pH of the solution. To  obtain such information the dissociation constants of a 
pyrophosphoric acid solution of suitable concentration were determined a t  
65.j°C. (I1 (B)) and the following values obtained: 

[5] K I  = [H+J[H3]/[I14] = 0.107 (u = 0.009 where n = 4 ) ,  

[GI I<, = [H+][H,]/[W3] = 7.58 X lop3  (a = 0.20 X lop3 where n = 6) ,  

[7] IC3 = [H+][I11]/[H2] = 1.45 X (a = 0.04 X low6 where n = 7 ) ,  

[8] K 4  = [H+][ l Io ] / [ I l l ]  = 9.81 X lop9 (a = 0.13 X lop9 where n = 12), 

where a is the standard deviation (3) and equations 5, 6, 7 ,  and 8 are simul- 
taneous. The following equations relate the concentration of the various pyro- 
phosphate anionic species to the dissociation constants, the hydrogen ion 
concentration, and the total pyrophosphate concentration: 

1111 [H?] = K1Kz[H+I2 C R ,  

[I21 [HZ] = Kl[H+] C R ,  

I131 [Hd] = [H+I4 C R ,  

where R = I / ( K I K Z K ~ K ~  + KlKJC3[H+] + K1KZ[H+l2 + K1[H+I3 + [H+I4). 
Fig. 2, which shows the effect of the pH of the solution on the proportions of the 
various anionic species of pyrophosphate present, was constructed with the aid 
of equations [9] to [13], and the dissociation constants. 
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P "  
FIG. 2. Effect of pI-I on distribution of a~~ion ic  species of pyrophosphate. 

A, H4P207; B, H3P207'-; C, H?P?072-; D, IIP2073-; E ,  PzO7'-. 

The necessary data to solve equations [3] and [4] for the rate constants 
kO, kl . . . k4 have now been obtained, and are summarized in Table I. I t  will be 
noted that Abbott's (1) rate data have been included in Table I. Since our 
studies only covered the pH range 2.0-11.0, no rate data were obtained in the 
pH region where the concentration of H4PzOi was comparatively large. There- 
fore Abbott's (1) data,  a t  pH 0.91 where 53% WaP2O.i was present, were used to  
obtain a rough approxin~ation of the rate constant, k4. I t  should be noted tha t  
values of k4, based on this data, are a very rough estimate since Abbott's (1) 
data were obtained for a 0.05 &I pyrophosphate solution a t  7S°C. and our data 
were obtained for a 0.12 M solution a t  65.S°C. Furthermore, Abbott (1) did not 
measure the rate a t  a constant hydrogen ion concentration. 

Evaluation of ki's Assuming Aluus' (7) Rate Equation 

Since the hydrolysis of sodi~im pyrophosphate is a first order reaction a t  corlstant 
hydrogen ion concentration : 

where k is the over-all first order rate constant. 
Using the data in Table I ,  equation [14] was solved and the following values 

obtained for the vario~is rate constants: 

Since kl and ka are negative values implying that orthophosphate anion was 
forming pyrophosphate anion (against which there is experimental evidence 
(4, 5)), equation [14] and hence equation [3] is inapplicable. If equation [3a] 
were applicable, the values for ko, kl, kz, and k4 would have been insignificant or 
zero, and kg would have been positive. Since neither condition was satisfied on 
solving, equation [3a] is not applicable. Thus Muus' (7) rate equations are not  
applicable over the pH range 2.0-11.0. 
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TABLE I 2 
CONCENTRATION OF INDIVIDUAL PTROPHOSPHATB ANIONS I N  ~ ~ O L B S  PYROPHOSPHATE PER LITER AT VARIOUS HYDROGEN ION CONCENTRATIONS 2 

b 
I I B 

Hydrogen ion 
concentration 

First order 
rate constant 

(k in nlin.?) 

*Rate constant source: Fig. 1. i 

**Rate constant sozrrce: Abbott (1). $ 
CI 
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dIcCILVERY AND CROWTHER: CONDENSED PIITOSPH.4TES 

Ezaluation of kc's Assuming Alternate Rate Equation 

where the syi~ibols represent the same factors as above. 
Using data from Table I ,  equation [4]  was solved, ancl the following approxi- 

mate values for the rate constants were obtained: 

These rate constants satisfy two necessary conditions for the applicability of 
equation [4]  in that they are positive numbers and approximately satisfy all the 
data in Table I. However, the equation is not necessarily acceptable. This 
equation (developed by following the reasoning outlined earlier) contains 
sufficient constants that even if the reaction mechanism were not as pictured, a 
good fit might conceivably be obtained. However, since equation [4] permits a 
reasonable explanation of the role of the hydrogen ion and since our data ap- 
proximately fit this equation, it is proposed as the general rate equation for the 
hydrolysis of pyrophosphate anion pending evidence to the contrary. 

Order of Reaction 
At constant hydrogen ion concentration equation [4]  reduces to an equation 

for a first order reaction as demanded by the experimental data. Rewriting 
equation [4]  : 

- C times the expression [4a] ---  
dt 

C"" 2K3K4k0 + KIKZKB[H+I  kl  + K I K ~ [ _ H + ] ~  k2 + K I [ H + ] ~  k 3  + [ H ' ] ~  k 4  
KlKzK3K4 + IClKzK3[H+] + KIKZ[H+]" K1[H+]" [ H + ] ~  

where C is the pyrophosphate co~lcentration a t  time t .  
The bracketed expression is a constant when the hydrogen ion concentration is 

constant, and equation [4a] becomes: 

[15I -dC/dt  = k c ,  
where k is the over-all first order rate constant. 

Mechanism of Reaction 
The magnitude of the rate constants evaluated for eq~iation [4]  indicate that 

the order of stability of the pyrophosphate anionic species is: P20i4- > HPzOi3- 
> HzPz07z -  > H3P20i1-  > H ~ P z O ~ .  111 addition the rate equation formulated 
implies that the hydrolysis is a simple reaction between water molecules and 
these various pyrophosphate anions. The question now arises as to why there 
should be such profound differences in the ease of hydrolysis of the various species. 

A possible explanation might be based on the assumption that the primary 
steps in the hydrolysis are the formation of loose bonds between a phosphorus 
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atom and the oxygen atom of a water molecule, and between the oxygen atom 
of the P-0-P linkage and the hydrogen atom of the water ~nolecule: 

I t  follows that the orientation of a water molecule approaching a pyrophosphate 
anion will be of considerable importance. As is well known, water is a polar 
molecule-the fractional negative charge being located 011 the oxygen atom, and 
the fractional positive charge being located on the hydrogen atoms. I t  seems 
reasonable to suppose that, as the phosphorus atom becoines less negative, the 
possibility of a water molecule approaching in the required orientation for 
hydrolysis iilcreases. Since the negativity of the phosphorus atoms in the 
various pyrophosphate anionic species decreases in the order: P2074-, HP2073-1 
HsP20ie-, HSP207l-, H4P207, it follows that the rate of hydrolysis of these 
various species will increase in the same order. 

11 (B). THE DISSOCIATION CONSTANTS OF PYROPHOSPHORIC ACID 

The clissociatioi~ constants of pyrophosphoric acid have been determined by 
Abbott and Bray (2) a t  18OC. Muus (7) has also determined the second and 
third dissociation constants a t  40°C., but he based his calculationson the assump- 
tion that the first dissociation constailt was greater than two. As Abbott and 
Bray (2) found the value 0.14 for the first dissociation constant, IVIuus' (7) 
values seem unlikely. Since insufficient tl~ermodynamic data were available to 
accurately extrapolate Abbott and Bray's (2) values, these dissociation con- 
stants were determined a t  65.5OC. 

Procedure and Results 
An electrometric titration method was employed for the deterinination of the 

dissociation constants. A n~echanically stirred solution of sodium pyrophosphate, 
inaintainecl a t  65.5 =t O.l°C., was titrated with 3 N hydrocl~loric acid. The 
changes in the pH of tlle solution were plotted against the voluine of acid aclclecl. 
The inflection points occurred a t  pH 10.0, 6.8, and 4.0. In the light of consiclera- 
tions which will be discussed shortly, regions between these inflection points 
were selected for further investigation. 

Having thus delineated the critical pH regions, accurate measurements of the 
acid increments and the resulting pH values were made. Fifty milliliter portions 
of a 0.179 molar sodium pyrophosphate solution were titratecl with 1 N hydro- 
chloric acid. The experimental conditions were as described above, but particular 
care was taken to minimize the time recluirecl in obtaining the measurements. 
None of the samples were subjected to acid conditions for more than five minutes. 
This procedure was followed on three separate portions of the sodium pyro- 
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phosphate solution, and the averages of the results are recorclecl in Table 11. 
For the same volume of acid added, the pH readings checked within f 0 . 0 2  units. 
In the present experiments, the accuracy of the pH measurements is the limiting 
factor in calculatiilg the dissociation constants. 

TABLE I1 

Volunle N HC1 
added 
(ml.) 

Average pH* 

Average 
hydrogen ion 
concentratLon 

(gew/l.) 

*TlzesefLgzrres are the averages of three separale de t e r in ina t io?~~ .  

Theory of the Method 
I t  is possible to estimate the dissociatioil constants of a polybasic acid such as 

pyrophosphoric by a method of successive approxiinatioils utilizing the data 
obtained from an electrometric titration of the material. Although theoretically 
all of the anionic species will be present a t  a given pH, the coilcentrations of one 
or more of the species will always be small ellough a t  that pH to be neglected in 
making approximate calculations of the dissociation constants (6). These 
values of the dissociation constants may then be used to estimate the concen- 
trations of the components which were neglected in the first approximation. 
The appropriate corrections may then be made, ancl the dissociation constants 
estimated for a second time. This process may, of course, be continued indefin- 
itely, but it  was found that the secoild approxinlation was satisfactory in every 
case. 

As stated earlier the inflection points in the electrometric titration curve of 
sodium pyrophosphate a t  65.5OC. occur a t  the pH values: 10.0, 6.8, and 4.0, 
and a t  these poiilts the concentration of Pz074--, HPzO?, and H ~ P z 0 7 ~ -  respec- 
tively, predominate. At intermediate points two of the species predominate, and 
it is in these regions that the most accurate estimations of the dissociation 
constants may be obtained. The method of calculation also permits the inclusion 
of one minor component in obtaining the first approximatioil of K1, Kz, and K3- 
The pH regions chosen and the anionic species assumed to be present in cal- 
culating the first approximations to the various dissociation constants are 
shown in Table 111. The predominating species in each pH range are underlined. 
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TABLE I11 

Dissociation 
constant 

I 
Anionic species assumed present 

* I n  the pH region below p H  4 ,  IIaP?Oi, H3P*0i1-, and H?P?Oi2- predovzinate, bz~t  little 
HaP?Oi woz~ld be present i n  the region 2.5-3.0. A t  lS°C. ,  Abbott and Bray's ( 2 )  dissociabion 
constants indicate that approx-intately three per cent H.iP?Oi i s  presetlt at p H  3.  Fz~rthermore, 
Thornsen's ( 6 )  heat of ionization data for ike reaction: 

H.%P?Oi H+ + H3P20iP,  
show that increasing the ten~peratz~re will shift the eqzri1,ibrizrnz to the right. Th'lrlrs the first appro.vinta- 
tion to the second dissociation co7astant was calczrlated assz~naing that no H4P.rOi was present i n  
the p H  range 2.5-3.0. 

Calculation of the Fourth Dissociation Constant (K4) 
The initial solution of sodium pyrophosphate is in the pH range where P207-'- 

and HPzOi3- are the only anionic species present in significant anlounts. There- 
fore to a first approximation: 

PI Ho + HI = PT, 

where HO and HI are the amounts of P,0y4- and H p ~ 0 7 ~ -  respectively, and PT 
is the total amount of pyrophosphate present. 

A quantity of acid is now added which lowers the pH of the solution but does 
not take it out of the range where P2OY4- and HP2073- are the only major 
components. However, the acid does convert an equivalent amount of P2074- to 
HPzOi3- as indicated by the equation: 

PI ~ ~ 0 ~ ~ -  + H+ = H P ~ O ~ ~ - .  

The amounts of PzOy4- and H P z O ~ ~ -  present become (Ho - Ha+) and (Hl+Ha+) 
respectively, when Ha+ is the equivalent amount of acid added. 

The dissociation constant Kd is defined by the expression: 

[3 I K4 = [H+:l [PzO~~-]/[HPZO~~-].  

Since a ratio of anionic species is involved, i t  is immaterial which units are 
employed to express the amounts of P2Oi4- and HP2Oy3- SO long as they are 
identical for both species. Therefore, before adding acid: 

After adding acid: 

where [H+Ii and [H+If are the initial and final hydrogen ion concentrations. 
Equating [4] and [5] and substituting (PT - HI) for Ho, a quadratic in HI is 
obtained which may be solved. Although two positive solutions are obtained, 
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only one solutioil gives reasonable results in the calculation of The latter 
calculation is made by simply s~tbstituting values for 111, Ho (which is PT - HI), 
ancl [H+] i in ecluation [ill. 

Calculation of the Third Dissociation Constant (K3) 
Having now obtained a value for I < 4  it is possible to detemline I<3  using much 

the same procedure as in estimating K4. 
A quantity of acid is added to the initial solution of sodium pyrophosphate 

such that the resulting pH of the solution lies in the range 5.6-6.2 where HP2073- 
and HzP207" are the major components and Pz074- is the largest ininor com- 
poilent. The acid added is consunled in two reactions: 

la] p20T4- + H+ = H P ~ o ~ ~ -  

and 

[GI 
If the total amount of acid added is Hb+ and an amount B is consumed in reac- 
tion [2], then (Hb+ - B) is consunled in reaction [6]. Consequently the amounts 
of the various species after the addition of the acid are as follows: 

P ~ o ~ ~ -  = H ~ - B  = PT - IT1 - B, 
HP2073- = H1 + B - (Hb+ - B) = H1 - Hb+ + 2B, 
HzPz07" = H,+ - B. 

If the hydrogen ion concentration a t  this point is designated by [H+If then 
by substituting in equation [3], the following equation is obtained: 

[7 I K4 = [H+]f (PT - IT1 - B)/(Hl+ Hb+ + 2B). 

Since B is the only ~rnknown it may be evaluated. 
The third dissociation constant K3 is defined by the expression: 

[8I K3 = [H+] [HP2073-]/[HzPz072-]. 
Therefore : 

PI K3 = [H+]f (IT1 - He+ + 2B)/(Hb+ - B). 

Since all the factors on the right-hand sicle of equation [9] are li.nown, K3  may 
be evaluatecl. 

Calculation of the Second (K2) and first (K1) Dissociation Constants 
The second and first dissociation constants are determined in a similar manner 

making the appropriate assumptions with regard to the anionic species present. 
Table IV illustrates the distribution of the various anionic species in each pH 

range used in the calculation of dissociatioil constants. 
H,+ and Hd+ are the amounts of acid added to the pyrophosphate solution to  

change from the initial pH to pH values in the ranges 2.5-3.0 and <2.0 respec- 
tively. 

C is the amount of acid consumed in the reaction: 

[GI HP2073- + H+ + H z P ~ O ~ ~ - ,  

when H,+ is the amount of acid added. 
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TABLE IV 
DISTRIBUTION OF ANIONIC SPECIES ASSUACED IN  CALCULATION OF DISSOCIATION CONSTANTS 

-- 
I 

I Dissociation constant 

Sin~ilarly D is the amount of acid consumed in the reaction: 

Amounts 
ionlc specles 

a s s ~ ~ i ~ i e d  
present 

when Hd+ is the amount of acid added. 
On substituting the data in Table I1 into the approxiinate equations deve- 

loped in this manner, the follo\ving average values for the dissociation constants 
of pyrophosphoric acid were obtained: 

KZ 1 6 1  / r 
-- - 

PI-I range 

8.0-9.5 1 5.6-6.2 1- 2.5-3.0 '---zr 1 

K l  = 0.122 (u = 0.014 where n = 4), 
K 2  = 7.29 X lop3 (a = 0.37 X lo-= where n = 6), 
K3 = 1.45 X lop6 ( u  = 0.04 X where n = 7), 
K4 = 9.72 X (u = 0.12 X lop9 where n = 12), 

where u is the standard deviation (3). 
Using the above dissociation constants and the method of calculation out- 

lined, the following set of values were obtained as a second approximation to 
the dissociation constants. Further approxinlations did not alter the values 
appreciably. 

K l  = 0.107 (a = 0.009 where n = 4), 
K P  = 7.58 X (u = 0.20 X lop3 where n = 6), 
K3 = 1.45 X lod6 (a = 0.04 X lo-= where n = 7), 
K 4  = 9.81 X (U = 0.13 X where n = 12), 

where u is the standard deviation (3). 
The standard deviations indicate the precision of the experiment but not the 

accuracy. 
Since no attempt was made to distinguish between the concentration and the 

activity of these anionic species, the concentration range in which the dissoci- 
ation constants are applicable must be specified. ilbbott ancl Bray (2) founcl that 
the values of the dissociation constants changed very little with the n~olarity 
of the pyrophosphate solution if that concentration were higher than 0.08 molar. 
Thus the dissociation constants, determined above, are considered to be applic- 
able a t  least over the concentration range 0.08 to 0.18 molar. 
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CONSTITUTION OF A POLYURONIDE HEMICELLULOSE 
FROM WHEAT LEAF1 

ABSTRACT 

Crude hemicellulose of mature wheat leaves has been prepared by alkaline 
estractiorl of leaf holocellulose. Purification by repeated complexi~~g with Fehlirlg's 
solutiorl yielded a polyuror~ide herriicellulose ([aI2J - 93") composed of D-xylose 
(88.5y0), L-arabinose (G.SO%),  and uronic acid anhydride (5.27%). Methylatio~l 
studies illdicated a molecular structure comprising a main xylan chain of 30 an- 
hydro-D-sylose residues to which three L-arabinose residues and one D-glucuronic 
acid unit were attached as  side chains by glycosidic linlcages. Periodate osidation 
data supported the proposed structure and the yield of formic acid indicated a 
molecule containing approximately 32 sugar residues. Estimations of the degree 
of polymerization of the n~olecule by n~easurements of viscosity ant1 reducing 
power agreecl with the foregoing values. The structure of the hen~icellulose closely 
reserribled that of one isolated previously from wheat straw. 

Although fructosans (3, 13) and galactans (6) have been found in leaves of 
annual plants, little infornlation is available on the occurrence and nature of 
hemicelluloses of the "xylan" type in si~nilar materials. In the wheat plant, 
"xylans" have been reported in the straw and bran although these hemi- 
celluloses may not have consisted excl~rsively of anhydro-D-xylose units. The  
presence of L-arabinose and D-glucuronic acid in the crude hemicelluloses 
indicated a more con~plex molecule, and a l~emicellulose fraction of wheat 
straw has been .shown to consist of D-xylose, L-arabinose, and D-glucuronic 
acid (1). From wheat flour an araboxylan or xyloaraban molecule has recently 
been isolated by Perlin (11). Since preliminary experiments indicatecl the 
presence of henlicelluloses of the "xylan" type in mature wheat leaves, a 
further investigation was made to determine whether these hemicelluloses 
were of the same type as  found in the straw and bran. 

Hemicelluloses, extracted from wheat leaf chlorite holocellulose by dilute 
potassium hydroxide in 27% yield, contained pentosan (90.9%), uronic acid 
anhydride (6.08%), and lignin (2.1%). On hydrolysis, xylose and arabinose 
were released in a ratio of 4.3 : 1 along with traces of glucose and galactose. 
The crude pentosan was subjected to further purification by repeated precipi- 
tation as a copper complex with Fehling's solution as described by Chanda 
et al. (7). Although this treatment reduced the arabinose content markedly, 
there remained a xyloaraban containing a xylose to arabinose ratio of 12.8 : 1 
beyond which no further reduction was possible. The constant composition of 
the l~en~icellulose indicated strongly that  the pentoses were combined in the 
same molecule. Ready removal of the hexoses showed tha t  they were not an 
integral part of the pentosan molecule. 

Graded hydrolysis of the hemicellulose with 0.02 N oxalic acid readily 
released the arabinose without appreciably affecting the xylose. This observa- 
tion indicated that  the arabinose units were on the periphery of the molecule 

Manzrscript rt:ceived October SO, 1963. 
Contribzrlion from the Division of Applied Biology, National Research Laboratories, Ottawa. 

Issued as Paper No. 165 of the Uses of Plant Producls and as N.R.C. No. 316.9. 
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and were readily attackecl. In addition, the acid lability suggested that the 
arabinose was in the furanosicle configuration while the xylose was in tlme more 
stable pyranoside form. Recovery of a t  least a portion of the sylose units in 
polymer for~n  after removal of the arabinose units suggestecl a n~olecular 
structure consisting of a chain of xylose units to which the arabinose units were 
attached as side groups. The uronic acid groups were probably attachecl to the 
xylan chain as the recovered portion retained al~nost its original ~~ro l l ic  acid 
con tent. 

The purified lmen~icellulose was ~nethylated i~litially with dirnethyl sulplmate 
and strong alkali and finally to constant inethoxyl content with Purdie's 
reagent. Fractionation with chloroforn~ - petroleum ether solution yielded a 
fully methylated fraction having [a]: - 88" (c, 1.0% in chloroforn~) and 
OCHa content 38.6y0, (calculated for C7H1204 : OCH3, 38.8%). Hydrolysis of 
the methylated procluct yielded the following products which were identified 
as described in the experimental section: (I) 2-methyl-D-xylose; (11) 2,3- 
dimethyl-D-xylose; (111) 2,3,4-trimethyl-D-xylose; (IV) 2,3,5-trimethyl-L- 
arabinose ; (V) 2-methy~-~[2,3,~-trimethyl-~-glucuronosiclo]~-xy~ose. 

Identification of almost all of the arabinose in the original hen~icellulose as 
2,3,5-trimethyl-L-arabinose provided proof tha t  the arabinose residues existed 
as side chains attached by glycosidic linkages to a main structure. The absence 
of monometl~yl and dimethyl arabinose units precluded the esistence of a 
separate araban structure and provided aclclitional evidence that the ar a b' inose 
units were an integral part of the henmicellulose molecule. 

The 2,3,4-trimethyl-~-xylose which appeared in the methanolysis mixture 
originated froin tlme nonreducing end of the xylan chain and the amount 
(3.0y0 molar) corresponded to 33 residues per nonreducing end group. 

The presence of 2,3-dimethyl-D-xylose as the main component of the free 
methylated sugar mixture indicatecl that the xylose units were linked 1,4; the 
pyranose form required for this linkage was reasonably established by stability 
to acid. The change in specific rotation of the methylated polysaccharide from 
-88" to +58" on hydrolysis indicated that the xylose iinits were joined in the 
P-configuration. 

Branch points in the main xylan chain were indicated by the presence of 
2-nlethy1-~-xylose (11..6yo nmolar). Since 2-methyl xyl'ose was the only mono- 
methyl xylose found, it was apparent that C(a must be the site of side group 
attachment in the 1,4-linked xylan chain. The presence of one monomethyl 
residue was obscured in the hydrolysis mixture by its attachment to a glu- 
curonic acid residue as an aldobiuronic acid  n nit. The number of branch points 
as indicated by 2-methyl xylose (11.6%) exceeded the nurnber of side groups 
as represented by 2,3,5-trimethyl arabinose (9.1%). The excess  non no methyl 
xylose may be explained by incomplete inethylation of the original hemi- 
cellulose and/or by clen~etlmylation of 2,3-climethyl xylose (8). The possibility 
that other types of branching exist in the molecule cannot be rejected although 
no direct evidence for them was found. 

The methylated aldobiuronic acid ester was reduced with sodium boro- 
hydride ancl the product hydrolyzed with dilute acid. The trimethyl glucose 
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derived from the uronic acicl could only be 2,3,4-trimethyl glucose because 
reduction of a nlethylated uronic acid coulcl not yield a 2,3,6-trimethyl deri- 
vative. The monomethyl xylose corresponded chromatographicallj~ to 2- 
methyl xylose; the possibility that it was another monomethyl derivative was 
unlikely unless this xylose residue was substituted differently from those in the 
rest of the molecule. Therefore the methylatecl aldobiuronic acid was 2-methyl- 
3[2,3,4-trimethyl glucuronosido]~-xylose; the high positive rotation (+78") 
indicated an a linkage. The  ironic acid unit occupied the position of a non- 
reducing end group and was linked glycosidically to a xylose unit. Fro111 
analysis of the original he~nicellulose, the amount of uronic acid was calculated 
to be one mole. The structure of the aldobiuronic acid residue in the wheat leaf 
appears to be identical with that  found in wheat straw helnicellulose (1, 5) 
and in pear cell wall xylan (8). 

Methylated sugars I ,  11, 111, and IV occurred in a molar ratio of 4 : 25 : 1 : 
3. In addition, one mole of glucuronic acid was present in the hemicellulose 
molecule. From the foregoing data a possible structure for the molecule is 
proposed as follows: a straight chain of approximately 29 D-xylopyranose units 
joined by 1,4-p-glycosidic linkages and terminated by one reducing and one 
nonreducing end group. Three L-arabinose units and one D - ~ ~ U C U ~ O ~ ~ C  acid 
unit are attached as side groups to the main chain by 1,3-glycosidic bonds. 
With one xylose residue bound into the aldobiuronic unit, a total of 30 xylose 
units are present in the main chain which along with the arabinose and 
glucuronic acid units make up a total of 34 units in the molecule. 

Periodate oxidation of the hemicellulose provided additional evidence for 
the proposed structure which theoretically should consume 0.97 moles of 
periodate per mole (C5H8O4). Actual consumption was 0.94 moles of periodate 
after 168 hr. when the oxidation appeared complete. The calculated yield of 
fornlic acid from the proposed molecule was 0.118 moles per sugar unit. 
Although the formation of formic acid continued slowly after 168 hr. oxidation, 
it was considered complete a t  that time, when 0.128 moles had been formed. 
For the n~olecular structure proposed, this value corresponds to a molecule 
containing approximately 32 sugar units since two moles of fornlic acid ori- 
ginate from the reducing end and one mole each from the nonreducing end and 
glucuronic acid respectively. The xylose residues which were branch points in 
the nlolecule were not oxidized by periodate and on hydrolysis yielded small 
amounts of free sugar. 

Estimates of the number of sugar units from the reducing power measured 
by three different methods were in reasonable agreement and indicated one 
reducing group per approxinlately 30-35 sugar residues. 

Viscosity measurements on the acetylated and methylated hemicellulose 
gave degree of polymerization values of 46 and 37 respectively. While these 
results are somewhat higher than those given by chemical methods, they are, 
nevertheless, of the same general order of magnitude. 

One of the main features of the wheat leaf polyuronide hemicellulose is its 
close silnilarity to the hemicellulose of wheat straw (I). The general structure 

a lnose of the molecule is almost identical except that the proportion of L-ar b' 
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and D-glucuronic acid is less. The glucuronic acid of wheat straw appeared to  
consist entirely of the monomethoxyl derivative but less than 50% of the 
wheat leaf glucuronic acid was in this form. The molecular dimensions of the 
two ~nolecules are of the same general order and both appear to be small short 
chain structures with side groups of L-arabinose and D-glucuronic acicl. Con- 
cepts of "xylan" in plant tissues have undergone modification in recent years 
and now permit inclusion of arabinose (11, 4) and D-glucuronic acid (8, 9) in 
the n~olecule. Wheat straw (1) and wheat leaf hen~icelluloses appear to have 
all three components joined in a single ~nolecule. 

EXPERIMENTAL 

Preparation of Wheat  Leaf Holocellulose 
The blades of wheat leaves were harvested by hand from wheat plants 

which had been cut two to three weeks previously and stored out-of-doors. The 
leaf material was then ground in a Wiley mill and screened to  give a fraction 
which passed 40 mesh and was retained on 60 mesh. Extraction with ethanol- 
benzene (1 : 2) for 16 hr. and subsequently with ethanol for five hours 
removed pigments, lipoids, and waxy substances. Water soluble material was 
removed by two four-hour extractions a t  85OC. The residue was then thor- 
oughly washed with cold water and dried in air. Holocellulose was prepared 
from this residue in 76% yield by the acid chlorite method (2). 
I s o h t i o n  of Leaf Ilemicellulose from Holocellz~lose 

Air-dry holocellulose (350 gm.) was extracted by stirring for 20 hr. a t  room 
temperature with 12 liters of 4% potassium hydroxide in an atmosphere of 
nitrogen. The residue was recovered by filtratioil on cloth and subjected to  two 
further extractions. The combined extracts were clarified in a Sharples super- 
centrifuge and brought to  pH 7.0 with acetic acid. The white precipitate which 
formed was recovered and washed thoroughly with water (Hemicellulose I). 
Further reduction of the pH to 5.0 and addition of four volumes of ethanol 
brought a further precipitate (Hemicellulose 2). The total yield of hemicellu- 
losic material was 27%. Acid hydrolysis of both fractions yielded xylose and 
arabinose and a small amount of glucose and galactose. Since these analyses, 
as well as the optical rotations of the two fractions, were very similar, the 
fractions were combined. 

P u r 6 c a t i o n  of the Leaf Hemicellulose 
Crude hemicellulose (40 gnl.) was purified by repeated conlplexing with 

Fehlings' solution (7). Table I shows that the xylose : arabinose ratio of the 

TABLE I 
EFFECT OF COPPER CO~IPLEXING TREATMENTS ON XYLOSE : ARABINOSE RATIO IN WHEAT LEAF 

HEMICELLULOSE -- 

Nuniber of treatments I Xylose : arabinose 

None 
3 
6 
9 
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hen~icellulose remained constant after six treatments. No glucose or galactose. 
was detected in the purified product. 

The composition of the purified hemicellulose was as follows: ash, 0.34%; 
nitrogen, nil; methoxyl, 0.5Yo; uronic acid anhydride, 5.27%; D-xylose, 88.5%; 
L-arabinose, 6.9%; and [a]: - 93' (c, 1% in sodiuin hydroxide (2%)). 

Graded Hydrolysis 

In a preliminary experiment, hen~icellulose (50 mgm.) was heated under 
reflux in a boiling water bath with oxalic acid (5 ml., 0.02 N). Chromatographic 
examination of the hydrolyzate a t  regular time intervals sl~owed that a t  the 
end of three hours only a trace of xylose had appeared altllough arabinose was 
present in large amounts. Repetition of this experiment on a quantitative 
basis permitted measurenlent of the inaxinlum yield of arabinose with minimal 
removal of xylose. The results given in Table I1 show that  a t  the end of aone- 

TABLE I 1  
GRADED HYDROLYSIS OF WHEAT LEAF HEM~CELLULOSE WITH 0.02 N OXALIC ACID 

Hydrolysis time, 
hr. 

Percentage individual sugar 
released 

Arabinose Xylosc 

hour heating period, 10070 of the arabinose and only 0.8% of the xylose had 
been released. Addition of five volun~es of ethanol to the hydrolyzate yielded a 
precipitate which on hydrolysis gave only xylose. Uronic acid anhydride 
estimation on this precipitate gave a value of 5.06y0. 

Methylation 

Hen~icellulose (15.0 gm.) was methylated with dimethyl sulphate and sodium 
hydroxide (40y0) by a procedure previously described (1). The partially 
methylated product was recovered after each two methylation treatments by 
dialysis and evaporation. After 10 treatments the product was recovered as a 
friable yellowish solid (OCHI, 36.4y0) soluble in methanol, acetone, and methyl 
iodide. The partially methylated product (15.7 gm.) was dissolved in methyl 
ioclide (200 ml.) and refluxed a t  45OC. during the addition of silver oxide 
(50 gm.) over a period of four hours. The methylated heinicellulose was 
recovered by cllloroforn~ extraction and subjected to two similar treatments. 
The final product was a poi-ous yellow solid; yield 16.0 g n ~ . ;  OCH,, 38.3% 
(theoretical value for dimethyl xylan 38.8%) ; [a]: - 84.5 (c, 0.49% in chloro- 
form). Two further methylations by the Purdie methocl failed to increase the 
methoxyl content. 

Fractionation of Methylated Hemicellulose 

The methylated hemicellulose (16.0 g111.) was extracted under gentle reflux 
with solvent mixtures of chloroform - petroleum ether (b.p. 30-60°C.). After 
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filtratioll through a glass filter ("C" porosity) the solvelit was removed under 
reduced pressure and the product dried in vacuo a t  50°C. The results of the 
fractionation are given in Table 111. Fraction 5 comprised 75% of the product 
ancl was fully methylated; this material was used in subsequent studies. 

TABLE I11 
FRACTIONATION OF METHYLATED WIIEAT LEAF HEMICELLULOSE 

Hydrolysis Products of Methyluted Hemicellulose 

Fraction No. 

Fraction 5 (100 mgm.) was heated with inethanolic hydrogen chloride 
(10 ml.; 8%) in a sealed tube a t  100°C. for 18 hr. After removal of tlie solvent, 
the sirupy methyl glycosides were hydrolyzed with hydrochloric acid (10 1111.; 
0.5 N) for eight hours a t  100°C. The hydrolyzate was worlted up in the usual 
way and the free methylated sugars separated cl~romatographically on filter 
paper using the solvent system N-butanol-ethanol-water-ammonia (40 : 10 : 
49 : 1). Sugar spots were developed with aniline phthalate spray and authentic 
samples of methylated sugars were used as reference compounds. The following 
sugars were detected: (1) 2,3,5-trimethyl arabinose (Rf 0.81-83); (2) 2,3- 
dimethyl xylose (Rf 0.66-0.69); (3) 2-methyl xylose (Rf 0.43-0.47); (4) a pink 
spot (Rf 0.15-0.17) indicative of [ironic acids. Repetition of the foregoing 
experiment using a methyl ethyl ketone - water (2 : I) solvent system showed 
the presence of the same sugars. The free methylated sugars were extracted 
from a quantitative chrornatograin and analyzed by the alkaline hypoiodite 
method (7). The results are given in Table IV. 

Chlorofor~~l - 
petroleum ether Yield, OCHI. % 
solvent misture 1 % '  

TABLE IV 
COMPOSIT~ON OF IIYDROLI~ZATE FROM METHYLATED HEMICELLULOSE 

I 
Co~~rponerlt sugar Molar composition, % 

Monomethyl pentose 
Dirnethyl pentose 
Trimethyl pentose 

Separation of iL1ethylated Pentoses 
For separation and confirillation of the identity of the free methylated sugars, 

larger quantities were prepared in.the following way. Methylated hemicellulose 
(Fraction 5 ;  7.7 gm.) was heated under reflux with methaxlolic hydrogen 
chloride (300 ml.: 8%) until the rotation became coilstant ([a]: +5g0). 
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After removal of the chloride ions with silver carbonate, and excess silver ions 
as silver sulphide, the solution was concentrated to a brown sirup (8.05 gm.)- 
The methyl glycosides were hydrolyzed to free sugars with hydrochloric acid 
(300 ml.; 0.5 N) until the rotation became constant (f22.5"). Yield of free 
methylated sugars was 7.80 gm. 

The mixture of methylated sugars was separated on a column of powdered 
cellulose (8) and the following fractions were obtained: (I) trimethyl pentose 
(0.87 gm.); (11) dimethyl xylose (4.76 g n ~ . ) ;  (111) monomethyl pentose 
(0.71 g ~ n . ) ;  (IV) uronic acid fraction (0.35 gm.). 

Examination of the Fractions 

Fraction I.-This sirup did not crystallize on standing. The specific rotation 
value of - 11' suggested the product was a mixture of 2,3,5-trimethyl arabin- 
ose ([a]: -39.5") and 2,3,4-trimethyl xylose ([a]: 4-24.2"). Demethylation 
of the sirup (25 nigm.) with hydrobromic acid (48y0) a t  100°C. for 12 min. 
showed on chromatographing that arabinose and xylose were both present. 
Use of authentic samples of 2,3,5-trimethyl arabinose and 2,3,4-trimethyl 
xylose indicated that complete separation could be achieved readily on paper 
chromatograms using the solvent system ethanol-benzerle-\%rater (47 : 170 : 
15). Therefore, the trimethyl pentose fraction (460 mgm.) was separated 
chron~atographically into fraction Ia (120 mgm.) and fraction Ib (315 mgm.). 
The composition of the trimethyl pentose fraction (12.10Jo of the methylated 
sugars) was therefore trimethyl xylose (Ia) (3.0% molar) and trimethyl ara- 
binose (Ib) (9.1y0 molar). 

Fraction 1a.-This material was clarified by filtration through charcoal and 
then dissolved in ethyl ether to which a few drops of petroleum ether (b.p. 35- 
60°C.) had been added. On seeding with 2,3,4-trimethyl-~-xylose crystalliza- 
tion occurred. Recr~~stallization from the same solvent yielded 2,3,4-trimethyl- 
D-xylopyranose; n1.p. 89-90' (undepressed on admixture with an authentic 
sample) and [a]: f 19.8 (c, 1.0% in water). 

Analysis: calculated for C8H1605: OCH3 48.4%; found; OCH3, 48.1%. 
Fraction Ib.-Clarification with charcoal yielded a sirup having ~~i~ 1.4525; 

[a]: -35.2"; 0CH3,  47.9% (calculated for C~H1605, 48.4%). Oxidation of this 
sugar with bromine yielded a lactone which was converted to the corresponding 
amide by methanolic ammonia. Recrystallization of the amide yielded pure 
2,3,5-trimethyl-L-arabonamide, , m.p. 138°C. and [a]: - 17.9" (c, 1.10 in 
water). 

Analysis: calculated for CeH1-/OsN : OCH3, 44.9; found : OCH3, 44.8. 
Fraction 11.-Chromatographic examination of the clarified sirup indicated 

that only 2,3-dimethyl-D-xylose was present, and the physical constants 
[a]: f24" (c, 1% in water) and 1.4733 provided further evidence of its 
identity. 

Analysis: calculated for C7H1405: OCH3, 34.8%; found: OCH,, 34.8Y0. 
A crystalline anilicle was prepared having n1.p. 123-124°C.; (reported value 
124°C.). An X-ray powder photograph of this anilide showed it to be identical 
with 2,3-dimethyl-D-xylose anilide. 
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Fraction I1I.-This fraction partially crystallized on standing. After clari- 
fication of the alcoholic solution with charcoal, it was readilj- recrystallized 
from methanol, 1n.p. 133OC. and [a]: +3i0 (c, 1% in water). 

Analysis: calculated for CGHi205: OCH?, 18.9%; found: OCH,, 18.7%. 
A crystalline anilide had a 111.p. 123' alone or admixed with an authentic 
sample of 2-lllethyl-~-~yl0Se anilide. 

Fraction IV.--Chron~atographic examination of this fraction (320 mgm.) on 
filter paper showed two spots characteristic of uronic acids, a spot due to  
methylated xylose and two spots presumably due to unhydrolyzed hemi- 
cellulose. Further chromatographing on a small cellulose column failed to  
separate the uronic acids satisfactorily. The components of the fraction were 
converted to their glycoside form by heating with methanolic hydrogen chloride 
(25 m1.; 5%) for six hours. The methanolysis mixture after the usual neutraliza- 
tion treatment with silver carbonate was heated with saturated barium 
hydroxide solution (25 ml.) for three hours a t  60°C. to  convert the uronic 
acid ester into the barium salt. After removal of the excess barium ions with 
carbon dioxide, the aqueous solution was extracted for 24 hr. with ethyl ether. 
This solvent dissolved the methyl pentosides but only a small amount of the 
barium salt of the uronic acid; the latter was then recovered by evaporation. 
The  barium salt (480 mgm.) was talcen up in hydrochloric acid (20 ml., 0.5 N) 
and heated a t  100°C. for three hours. After neutralization with silver carbonate, 
the solution was concentrated to  a sirup (336 mgm.) which was taken LIP in 
methanol. The  sirup was heavily spotted on filter paper and chromatographed 
in methyl ethyl ketone -water (2 : 1) solvent system. The  portion of the paper 
containing the methylated uronic acid was cut out and extracted thoroughly 
with hot ethanol. Evaporation of the extract yielded the free methylated 
aldobiuronic acid which was reconverted to  its glycoside methyl ester form 
(290 mgm.) with [a]: $78'. 

Reduction with Sodium Borohydride 

Alcoholic solution of the uronic acid sirup was treated with sodium boro- 
hydride (150 mgm.) dissolved in ethanol (5 1111.). After the solution had been 
allowed to stand overnight, acetic acid was added and the pH reduced to  7.0. 
The  solution was evaporated to  dryness, extracted with hot ethyl ether, and a 
sirup (39 mgm.) recovered. Hydrolysis of the sirup (15 mgn~.)  yielded the free 
sugars which were separated on a filter paper chroma tog ran^ with the methyl 
ethyl ketone - water solvent. Four spots on the paper were identified as 2- 
methyl xylose, 2,3,4-trimethyl-D-glucose, 2,3-dimethyl xylose, and unreduced 
 ironic acid, the latter two substances being present in only small amounts. 
Appropriate reference compounds were run on the same chromatogram. The  
identity of the methylated uronic acid was established as 2,3,4-trimethyl-D- 
glucuronic acid by the presence of 2,3,4-trimethyl-D-glucose. 

Periodate Oxidation 

In  a typical oxidation experiment, leaf hemicellulose (100 mgm.) was 
suspended in periodic acid solution (4.6 gm. periodic acid in 100 ml. of water) 
and neutralized with sodium hydroxide to methyl red end point. All oxidations 
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were carried out i l l  the dark on a shaking apparatus a t  16OC. Analyses were 
performed a t  vario~ls time intervals for periodate consumption arid forillic acid 
production (7). The r e s ~ ~ l t s  were as follows : 

Formic acid produced, moles per CIHIO~ I 0.110 I 0.119 1 0.126 1 01.28 1 0.129 

Periodate cons~~med,*rnoles per CjHy01 

"Corrected for periodate coflszcnled in fur~rzic acid prodziction. 

Reducing Power of IIemicellulose 

Time, Iir. 

Three ~netllocis of determining reducing power were used. The hypoiodite 
oxidation method of Chanda et al. (7), modified by substit~rtion of a sodium 
hydroxide-disodium hydrogen phosphate buffer (pH 11.40), indicated one 
reducing group per 30-35 pentose residues. Somogyi's copper reduction 
method (12) gave a result of one reducing group per 34-36 sugar units. Ap- 
proximately 32 sugar units per reducing group were indicated by Meyer's 
dinitrosalicylic acid method as modified by Chanda et al. (7). 

Viscosity L?&easurements on IIemicelIz~lose Derivatives 

-- 
46 

0.61 

Viscosity measurements were made using all Oswald-Cannon-Fenske visco- 
ineter in a water bath a t  25OC. & 0.02". The derivatives ~ised were the fully 
acetylated hen~icellulose dissolved in m-cresol and fully ~nethylated hemicellu- 
lose in chloroforin solution. The plots of Ilsp/c versus c were straight lines and, 
when extrapolated to zero concentration, gave intrinsic viscosity [?I. Using 
a K,, factor of 11 X (10) for the acetyl derivative and 12 X 10-4 (7) for 
the methyl derivative,' substitution in Staudinger's equation = K,,P gave 
degree of polymerization (P )  values of 46 for the former and 37 for the latter 
derivative respectively. 

---- 
72 1 2 0  

0.76 0.82 

---- 
168 

0.94 
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LYCOCTONINE : PERIODATE OXIDATION STUDIES'  

ABSTRACT 

The periodate oxidation of lycocto~~am and des(osymethyle~~e)-lycoctonam 
gives rise to diketones, showing that lycoctonine contains a ditertiary vicinal 
glycol. Evidence is presented relating two of the rnethoxyl groups to this glycol 
system. The properties and reactions of isomeric compounds formed by the 
action of weak base or activated alumina on the diketones are discussed and 
possible explanations of the isomerization considered. The ~ ~ n u s u a l  spectra of 
the vario~ls compounds are discussed. 

INTRODUCTION 

Evidence has been presented for the presence in lycoctonine (CI9H2,(OH), 
(OCH3)4(NC2H5)) of the partial structure: 

and for the presence of a viciilal glycol system ( l l ) ,  thus accounting for the 
three hydroxyls ill the base. A study of the periodic acid cleavage of lycoctonam 
(the lactam obtained on oxidation of the methylene next to the nitrogen in 
lycoctonine) and of des(oxymethy1ene)-lycoctonam (lycoctona~n in which 
the hydroxymethyl group has been replaced by hydrogen) has confirmed the 
presence of the vicinal glycol and given informatioil about two of the rnethoxyls 
in the co~npounds. The well-characterized compounds which have now been 
obtained are indicated in the flowsheet below. 

Since the carbonyls formed by the oxidation of the glycol system in these 
lactams are resistant to oxidation by inoist silver oxide, potassium perman- 
ganate in acetone, and chromic anhydride in glacial acetic acid, they must be 
ketonic (a  hindered aldehyde like strophanthidin is oxidized readily by 
potassium permanganate in acetone (20)). Hence the vicinal hydroxyls in 
lycoctonine are both tertiary. 

The infrared absorptioil maxima (Table I) indicate that  one carbonyl 
(carbonyl 1) (1765 cm.-') is in a five membered ring and that  the other 
(carbonyl 2) (1708 cm.-I) is in a six lne~nbered or larger ring, or in a chain. 
Carboilyl 1 is readily reduced catalytically or by sodium borohydride, although 
in the des(oxymethy1ene) series it appears to be more hindered than in the 
lycoctonam series. Carbonyl 2 is resistant to both sodiuin borohydride and to 
catalytic reduction in acid. 

The  diketones rapidly reduce Tollens' reagent a t  room temperature and 
Fehling's solution a t  100°, and since the ketols (in which carbonyl 1 is reduced) 

~llanzrscript received Augzrst 25, 1955. 
Contribzrtion from the Divisioz of Pzrre Chenzistry, Nalional Research Council, Ottawa, 

Canada. Isstred as N.R.C. No. 5166. 
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are i~lert to these reagents it must be carbonyl 1 which is involved in tlie 
positive tests. Since a-metlioxy ketones show this ease of oxidation (1-2) it is 
reasonable to postulate the presence of a methos)~l a to carbon!-1 1. Since 
a-rnetliosy ketones are also readily hydrol~,zecl by mineral acicls (5,25) attempts 
were made to hydrolyze a rnethoxyl in various derivatives containing cal-- 
bony1 1. I n  ail of these derivatives except one, ho\vevel-, no hydrol\-sis took 
place witli hot (5 N acid. Thus the a-metlioxyl (if present) is generall~. inert. 
I n  the case of the "des(oxy1net1iylene)-iso" compound (see flowsheet) hot (j N 
sulphuric acicl did hydrolyze one methoxyl. The resulting procluct did not 
react with diazomethane (27) but it dicl react witli periodic acid to give prod- 
ucts which have not been cllaracterized. Thus the presence of an a-n~et l~oxyl ,  
although indicated, will require further proof. 

Both dilcetones are sensitive to acid and alkali, losing the elements of 1neth~11 
alcohol to give a-p unsatul'ated ketones. The iact that the elilninntioll takes 
place with the ketols, and that it is tlie infrared absorption peal; due to 
carbonyl 2 that shifts wIie11 the conjugated system is formed (Table I ) ,  
indicates that it is this carbonyl that is involvecl in the reaction. Since P 
methoxy and p hydroxy ketones show a parallel ease of elimination, catalyzed 
b!, acid or base (8,32), it can be co~icluded that there is a ~netllox~-I /3 to 
carbonyl 2. The ultraviolet spectra (A,,,,, 223 ~ n p )  indicate a lo\\r degree of 
substitution of tlie double bond (13,34). Thus a tentative forrnulatio~~ of tlie 
glycol group and its transionnation proclucts (11) is: 

0 0 
\ // 

C-C C-C- 
I \ C = O O = C /  H 
C-C / \c-c- 

OCH3 Hz OCHs OCHI H?  OCHn OCH, Hz OCH3 

.inhydro Compound Carbonyl 1 Carbonyl 2 
Diketo~~es  
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Compound 
Freq~lelicy i n  crn.-I 
-- 

Carbonyl 1 ( Carbonyl 2 I Lactani 

Secolycoctonam diketone 
Secolycoctona~n diketone monoacetate 
Des(oxy rneth ylenej-secolycoctonam diketone 
Desniethanolsecolycoctonam diketone 
Desmethanoldes(osymethylene)-secolycoctonam 

diketone 
Dih ydrodesmethanoldes(oxymethylene)-seco- 

lycoctonam diketorie 
"Iso" compound 
"Iso" compound monoacetate 
"Des(os)~methylene)-id conipound 
"Anhydroiso" conipound 
"Des(O-niethyl)des(o~yniet1iy1e1ie)-isocompou1id 

The choice of the migrating group in the pinacolic rearrangement is de- 
termined by the fact that the anhydro compounds (11) do not behave like 
a-~nethoxy ketones, or like p-methoxy ketones with hydrogen on the a-carbon. 

Since the glycol system is ditertiary and hindered, the rate of periodate 
cleavage does not permit a decision in regard to the orientation of the two 
hydroxyls relative to each other (33). However, the ready pinacolic dehydration 
in what is probably a rigid molecule must mean that the hydroxyls have a 
"gauche" orientation as shown in order that the coplanarity of centers neces- 
sary for easy elimination and migration (3,4) exist. 

1766 
1764 
1765 
1766 

1765 

1761 

1755 

1705 

1712 (Weak) 

The for~nation of the "iso" conlpounds is of great significance. The reaction 
involves the base-catalyzed conversion of carbonyl 2 to a hydroxyl group (the 
"iso" conlpound and "des(oxymethy1ene)-iso" conlpound contain a new 
hydroxyl which is dificult to acetylate). The spectra of these two compounds 
are characterized by the appearance of a maximum a t  219 n ~ p  in the ultra- 
violet and a shift of the infrared peak due to carbonyl 1 to near 1740 cm.-' 
(Table I) .  The reaction is reversible, as shown by the fornlation of the ketols 
011 catalytic reduction or recluctio~l by sodium borohydride and by the lorma- 
tion or the des~netl~anol diketone 011 treatment with strong allcali. However, 
the reaction is not brought about or reversed in refluxing acetone or methanol 
or in hot G N acid. 

Hot 6 N acid converts the "iso" co~npound to a mixture consisting mainly 
of two products. One, the "a-iso" compound is isomeric with the "iso" com- 

1646 
1632 

1650 
1645 (Broad) 
1652 
1644 
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EDWARDS AND dli lRI01V: LYCOCTONINE 

, , [  l , , , l l  - SECOLYCOCTONAM DIKETONE - - - SECOLYCOCTONAM K E T O L  

pound. I t  is no longer a ketone, and is not reaclily ncetylated (i.e., the primary 
hydroxyl is no longer free to react) although it  has two active hydrogens. 
T h e  other product, "anhydroiso" con~pound corresponds t o  "iso" compound 
less n molecule of water. I t  has no hydroxyls, but  still contains carbonyl 1. 
Both products have uneventful ultraviolet spectra compared to the "iso" 
compound. 

The  formation of the "iso" con~pounds can be interpreted as  involving 
either (a) the conversion of carbony1 2 to  a stable enol, (b)  a reversible shift 
from a ketone to  an  unsaturated alcohol form, or (c) a readily reversible 
internal aldol condensation. A consideration of these possibilities follows: 

(a) The  iso con~pound does not react with diazomethane. However, i t  is 
reported (29) tha t  stable enols are  quite inert to  the reagent. Although the  
shift of the band due to carbonyl 1 from 1765 cnl.-' to  1740 cm.-' on con- 
version from the dilietone t o  the iso compound could be due to strong hydrogen 
bonding as occurs in chelated eilols (15,19,23) this is unlikely since the new 
hydroxyl is not involved in such bonding (the OH stretching peak is a t  
3530 cm.-l in chlorofornl which indicates only weak bonding). A stable en01 
could arise from a B-diketone or B-keto lactam system. T h e  first possibility is 
unliltely since such systems have ultraviolet maxima near 255 n~w (6). If the 
"iso" compound was the en01 of a B-keto lactam such as  is illustrated, it would 
be expected to  have an ultraviolet absorption nlaxinlum near 240 mp (24) in 
contrast to  the actual maxinlum a t  219 nip. Such a structure should also 
dehydrate to  an  a-B unsaturated 1;etone or eliminate formaldehyde on treat- 
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ment \\:it11 hot ~nineral acid, neither of which takes place. T ~ L I S  i t  seems ~111- 
likely that  the iso compounds are enols of p-dicarbonyl systems. 

(b)  The ultraviolet maxima a t  219 n ~ p  suggests the presence of unsaturation. 
111 addition the "des(oxymet11ylene)-iso" compound has a band a t  3010 cm.-l 
(mull) which can be attributed to hydrogen attached to doubly bound carbon. 
A double bond could arise from the following kind of transforn~ation, involving 
eitherthe two ketone carbonyls or the lactam carbonyl and carbonyl 2 

The reverse of this re6,: :ion is well known (12,17,28) but the only analogy for 
the forward reaction known to the authors is the conversion of levulinic acid 
to P-angelica lactone. I t  is conceivable, however, (assuming the ketone car- 
bonyls to be close in space), that  steric hindrance of carbonyl 2 and some 
hydrogen bonding stabilizatior~ of the hydrosyl form might promote the 
conversion. A possible mechanism for the base catalyzed reaction is shown: 

R O - H  0 %OR 0 
=J \,I .I I! 

H  0 
0 H II 

-C - C - c -c -+ - C = C - c - c -  
I H\ I I 

The reversal of the reaction on reduction of carbonyl 1 could be due to lessening 
of the hindrance due to the rigid carbonyl (carbonyl l ) ,  the greater intrinsic 
stability of the dilcetone system, and the stabilizing influcncc of hydrogen 
bonding between carbony12 and the hydroxyl derived from carbonyl 1. 

I t  seems unlikely that the two ketone carbonyls are involved in such a 
change. The ultraviolet maximum is very weak (log E 3.8) and a t  very short 
wave length for an a-fl unsaturated ketone. In addition, this postulate would 
r eq~~ i r e  that the two tertiary hydroxyis in lycoctonine be on a cyclobutane 
ring. This is unlikely since then the anhjrdro compounds should be cyclo- 
butanones (I.R. evidence indicates a carbonyl on a five or six membered ringi 
or cyclopropyl ketones (a  very unlikely type of product). 

The alternative is that carbonyl 2 is y to the lactam carbonyl as shown. 

C -C = O  (carbonyl 2) C - COH C-COH 
I 

"iso" "Des(osymethylene)-id 
compound cornpor~nd 
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The absence of the 3010 cm-l band in the "iso" compouncl is in agreenzent 
\i.ith this formulation. 

Carbony1 2 cannot be in the nitrogen ring, since hydrox?-lycoctonirle ( l l j  
\\-ould then contain the partial s t ruc t~~re  

This should react with two moles of periodic acid. Act~iall>~ hydros\,l ycoctonine 
consumes only one mole of the reagent in G8 hr. 

The maximunz a t  219 mp seems reasonable for an a-/3 unsaturated lactam, 
since a!-P unsaturated lactones (IG) and a-P unsaturated acids (31) have 
maxima in this region. However, seven membered a-p unsaturated lactanzs 
with an NH have maxima in the 240 inp region (18,26). No spectra of 
simplex-alkyl a-p unsaturated lactams have been reported. Thus the above 
possibilit)- cannot be ruled out on spectral grounds. 

The "anhydroiso" compound can be explai~zed on this basis as the product 
of clehydration to the five-membered ether with the double bond moviilg out 
of conjugation (weak ultraviolet absorption). The "a-iso" compound could 
arise from hemiacetal formation bet\\reen carboql  1 and the primary hydroxyl, 

c-c - 0 
I! 1 
A 1 1-CH, 

r\T 

again with the double bond moving out of conjugation. Attempts to deinon- 
strate the presence of an ally1 alcohol system in the "iso" co~npounds b>- 
manganese dioxide oxidation (1,30) has been fruitless. The "des(oxynzet11yl- 
me)-iso" compound was inert and the "iso" co~npound gave a mixture of 
products, none of which had their ~zzain absorption maximum above 220 mp. 

(c) An aldol condensation of carbonyl 2 with one of the positions a! to 
carbonyl I ,  with the resulting aldol being  ina able to dehydrate, is a possible 
esplanatio~z of the formation of the iso con~pounds. Howevel-, with such an 
explanation the spectra cannot be accounted for on classical grounds. (See 
the discussion of spectra.) 

H>-pothesis (b)  is attractive as regards establishi~zg a relation bet\ireen the 
pl~.col system and the nitrogen ring. However, no clear decision can be reached 
bet~veen it and hypothesis (c) \\-it11 the evidence in hand. 
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When the "iso" compound was hyclrogenatecl over Aclams' catalyst in 
ethanol, desn1ethanolsecolycoctonam ketol was obtained. This means that 
either before or after reduction of carbonyl 1 the "iso" reaction was reversed 
and uncler unusually mild conditions the methoxyl /3 to carbonyl 2 was elimi- 
nated to give the a-/3 unsaturated ketone. Less surprising is the elimination 
of the same methoxyl in the reduction of des(oxymethy1ene)-secol~.coctona~n 
diketone in ethanol containing l~ydrochloric acid. Here, however, the resulting 
double bond is rapidly reduced giving the dihydrodesmethanol diketone. 

Spectra 

The  position of the C = O  stretching frequency of carbonyl 1 in the diketones 
(Table I )  is very ~lnusual for a cyclopentanone. Interaction across space 
between carbonyls has been shown to  shift their maxima as much as  10 wave 
numbers toward higher frequencies (23), ancl this effect probably accounts 
for the anomalies in the diketone spectra. The shift of the peak for carbonyl 1 
on formation of the "iso" compounds (Table I) could be due to conjugation 
or strong hydrogen bonding, or to the disappearance of the above-mentioned 
interaction. The first two are unlikely, as  discussed earlier, hence the last 
explanation is favored. However, if the "iso" conlpouncls are a-/3 unsaturated 
lactams, a shift of the C = O  stretching bond for the lactam to  smaller fre- 
quencies is to  be expected. The examination of the spectra of suitbale models 
may clarify the absence of such a shift in this case. 

The  presence of the primary hydroxyl produces a decided lowering of the 
lactam carbonyl frequency (Table I and Table I ,  reference 1) even in dilute 
chloroform solution, thus indicating intran~olecular hydrogen bonding between 
the two functions. 

Bands in a region generally associated with CH2C0  groups (21,22) appear 
in the spectra (1410-1430 cn1.-') of most of the compounds. However, some 
of these may be due to  hydroxyl groups, since the band a t  1418 cm.-I in the 
"iso" conlpound disappears when the monoacetate is made. From an exami- 
nation of the compounds without hydroxyls, it appears that there is no 
lnethylene flanking carbonyl 1, but that one or two are next to carbonyl 2. 
The  integrated absorption intensities (10,000 units) of the bands (CHC13 
solution) are much larger than those cited in the literature (2), hence no con- 
clusion can be drawn from this information as to the number of such methyl- 
enes. 

The  ultraviolet spectra of the diketones are most unusual, the high intensity 
end absorption and the position of the carbonyl maxima being similar to those 
of conjugated ketones. However, carbonyl 2 when alone (ketols) has a very 
ilormal spectrum, and several conlpounds containing no keto group but  
carbonyl 1 ("anhydroiso" compound and "des(0-methyl)des(oxyn~ethylene)- 
iso" conlpound) have quite normal spectra for colnpounds with isolated 
carbonyls. In the spectra of the "iso" compounds the carbonyl maxima are 
a t  extremely long wave lengths (337 mP), a fact tvhich cannot readily be 
reconciled with the partial structures considered above. There is some possi- 
bility that  there is no conjugation in the "iso" co~npounds and that  their 
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~iltraviolet spectra are exaggerations of the abnormal diketone spectra. An 
interactioil across space between the two ketone carbonyls or between car- 
bony1 1 and the lactam carboilyl might be the cause of the abnornlal ab- 
sorption.There is some evidence for similar interaction effects in the litera- 
ture (7,lO). However, 21-acetoxy-pregnene-3-01-20-one and etiocholan-3-a-01- 
11,17-dione which show interaction effects in the infrared (23) have normal 
ultraviolet spectra, and cyclodecane-1,G-dioi~e has both normal ultraviolet 
and infrared spectra3. Such an effect, if it exists, would be expected to be very 
dependent on the angle and extent of overlap of the carbonyls, and the dike- 
tones from lycoctonine might be quite unique in that regard.. If such an effect 
is present, then the aldol condensation explanation (c) of the "iso" cornpounds 
is plausible. 

Another abnormality in the ultraviolet spectra is the absence of the short 
wave length maxima in the desmethanol ketols, although they are definitely 
a-P unsaturated ketones. 

Further work to confirm or disprove the postulates put forward in this 
paper is underway. 

EXPERIMENTAL 

All melting points are corrected to within &lo. The rotations were taken in 
absolute ethanol a t  25 f 2" C. The alumina used in chromatography was acid 
washed, and the cited activity is according to Brockmann (9). Ultraviolet 
spectra were determined on a Beckmann DU spectrophotometer. The log E 

value for the maximum or miilimum is placed in parentheses after the wave 
length. 

The infrared spectra were determined on a Perkin-Elmer single beam 
model 12B spectrophotometer or on a Perkin-Elmer double beam instrument, 
model 21. The peaks are indicated by a wave number and the percentage 
absorption (in parentheses). Shoulders are indicated by an S after the wave 
number. The compou~lds were dispersed as mulls in nujol unless otherwise 
stated. 

Secolycoctonam Diketone 
Lycoctonam hydrate (11) in solution in four to five molar equivalents of 

0.05 molar periodic acid, adjusted to pH 5 using sodium acetate in the dark 
a t  room temperature, consumed 0.5 mole of reagent in 24 hr. and one mole in 
70 hr. After 115 hr. the molar consumption was 1.2. The product could be 
extracted nearly quantitatively with methylene clichloride, from which it was 
obtained as a froth which has not crystallized. A sample of the product 
(0.94 gm.) was chromatographed on 15 gm. of alumina of activity 3. Six 35 cc. 
eluate fractions of 50% benzene-chloroform, and five of chloroforn~ contained 
679 mgm. This yielded 581 mgm. of crystalline secolycoctonam cliketone 
monoacetate (see below). Methanol in chloroform eluted 272 nlgm., of which 
175 mgm. (m.p. 217") crystallized from acetone solution (see "iso" compound). 

2 T h i s  possibility was originally put forward in d i s~r~ss io t z  by  Dr. R. A .  AfcIuor. 
3 T h e  aulhors wish lo thank Dr. R. N. Jones for providing samples of the two steroids, and 

Dr.  A. G. Anderson Jr .  for a generous gift of cyclodecane-l,6-dione. 
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The  amorphous secolycocton:~m diketone rapidly gave a silver mirror with 
Tollen's reagent and I-educed hot Fehling's solution. 
Ultraviolet spectrum: A,,, 272 mp (2.14); A,,, 318 Inp (2.45); log E 3.82 a t  
2.10 mp; and 3.77 a t  220 mp. 
Infrared spectrum (30 nlgln. per 1111. in CHC13; 0.1 mm. cell): 3465 (5), 3010 
(28), 2950 (29), 2900 (20), 2835 (1 6),  1766 (37), 1713 (32), 1635 (50), 1467 (28), 
1420 (19), 1385 (IS), 1358 (IG), 1328 (13), 1306 ( l i ) ,  1055s (IS), 1028s (36), 
1100 (GO), 1070s (25), 1045 (20), 1025 (19), 978 (17). 
Secolycoctona?iz Diketone iVlo'orcoacelate 

A so l~~ t i on  of 293 mgm. of secolycoctona~n diketone in 5 cc. of pyridine and 
5 cc. of acetic anhydride was left a t  room temperature for 24 hr. The reagents 
were rernoved under reduced pressure, the product taken up in chlorofor~n. 
ancl washed with acid and base. The product recovered from the chloroforn~ 
crystallized f r o r ~ ~  ether solution. The 269 mgm. of crystals after recrystal- 
lization from acetone-ether melted a t  178-181". Chro~natography on alumina 
did not raise the melting point. The compound did not react with potassium 
permanganate in acetone containing a little acetic acid in three hours a t  room 
temperature. [a], 62 i 1" (c = 2.56). Found: C ,  61.98; H ,  7.71; X, 2.45. 
Calc. for C.'iH3gO9N: C ,  (32.17; H ,  7.54; N,  2.69. 
Ultraviolet spectrum (Fig. 1) : A,,, ,, 270 mp (1.44) ; A,, , ,  320 (2.41). 
Infrared spectrum (29 mgm. per ml. in CHCI3, 0.1 mm. cell): 3010 (20). 
2960 (26), 2910 (IS), 2835 (lG), 1763 (40), 1746 (46), 1712 (37), 1650 (51). 
1468 (27), 1430 (16), 1386 (23), 1370 (21), 1325 ( lo) ,  1303 ( l l ) ,  13'75s (14), 
1130s (29), 1100 (GO), 1042 (30), 975 (14). 
Saponi$cation of Secolycoctonam Diketone AJonoacetate 

(a) T o  a solution of 200 mgm. of the monoacetate in 2 cc. of methanol was 
added 200 mgm. of sodium bicarbonate and 2 cc. of water. The misture was 
heated to boiling on the steam bath to  effect complete solution. After the 
solution had stood a t  room temperature for 20 min. a further 1 cc. of water 
was added, the solution heated for a few minutes, then left a t  room tempera- 
ture for 100 nlin. The  faintly yellow solution was extracted with chloroform, 
giving 195 mgm. of froth. This was dissolved in a ln in i~nu~n volume of acetone, 
then ether added. Twenty-eight milligrams of "iso" compound, m.p. 214" (see 
below) deposited. No desmethanolsecolycoctonarn diketone was obtained, 
ant1 the residual material when freed from solvent had absorption in the 
ultraviolet nearly identical to that  of the original acetate. 

(b) A solution of 34 mgm. of the monoacetate in 1 cc. of methanol and 1 cc. 
of 5% sodium hydroxide so l~~ t i on  was left a t  room temperature for 10 min., 
diluted \\.it11 3 cc. of water, and left for a further 35 min. Extraction with 
chloroform gave 39 mgm. of froth which crystallized from ether giving 20 mgm., 
m.p. 204". \\'hen 59 mgm. of similar material was recr)istallized three times 
from acetone-ether, 29 mgm. were obtained. m.p. 203-205.5" (imm. a t  185"j, 
identical with des~nethanolsecolycoctonam diketone (see below). 

Desnzetlza?zolsecolyco~orcam Diketone 

(a) Potassiunl 115-droxide (0.164 gm.) was added to 26 mgm. of secol>.cocto- 
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nam diketone in 3 cc. of \\rater, and the solution left a t  room tenlperature for 
one hour. I t  was then neutralized and extracted \\.it11 chloroform. The 25 ingm. 
of product crystallized readil5- from ether giving 20 mgm., 1n.p. 196'. One re- 
cry-stallization raised the melting point to 201'. This inaterial gave no mixed 
melting point depression with the product from hydrol?-sis of the monoacetate 
-with sodium hydroxide in aqueous n~ethanol. 

(b) A solution of 116 mgm. of secolycoctonam cliketone in G cc. of 6 N 
su1phuri.c acid was heated on the steam bath for 40 min. The solution was 
cooled, neutralized, and extracted with methylene dichloricle. The 105 mgrn. 
of product crystallized froin acetone-ether, giving 92 mgm.,. m.p. 203'. The 
melting point was raised to 203-205.5' by I-ecr~.stallization from a very 
concentrated acetone solution. 88 f 1' (1: = 2.40). . Found: C, 64.30, 
64.71, 64.57; H ,  7.72, 7.93, 7.65; OCH3, 20.55, 20.23. Calc. for C21H:<aO7N: 
C, 64.41; H,  7.43; 3 OCHI, 20.80. 
Ultraviolet spectrum: X ,,,,, 221 mp (4.04); A,, ,, 275 (1.82); X ,,,, 322 (2.49). 
Infrared spectrum: 3394 (46), 1753 (5(i), 16'70s (64), 1655 (75), 1412 (53), 
1327 (39), 1304 (32), 1296 (31), 1279 (24), 126'7 (24), 1245 (33), 1234 (35), 
1220 (48), 1203 (50), 1178 (28), 1163 (33), 1155 (38), 1132 (46), 1116 (67), 
1094 (GG), 1082s (Gl), 1056 (42), 1033 (30), 1020 (33), 1009 (37), 981 (31), 
968 (43), 950s (31), 903 (2G), 870 (20), 853 (23), 822 (17), 793 (12), 756 (29), 
728 (31), 686 (27). 

When 51 mgm. of the compo~incl was refluxecl for 1.5 hr. with 2 cc. of 6 AT 
sulphuric acid, the 51 mgm. extracted by chloroform gave 39 nignl. of un-  
changed material. The remainder did not cr).stallize. 

Secolycodonam Ketol 

Sodi~iin borohydride (25 rngin.) was added to a solution of 56 mgrn. of 
secolycoctonam diketone in 2 cc. of water. After 0.5 hr. the solution was 
acidified and extracted with chloroform. The 52 mgrn. of froth crystallized 
from acetone-ether, giving 41 rngm., 111.p. 206-214'. After two recrystal- 
lizations this melted a t  210-215' (dec.) then resolidified and melted over a 
range up to 280'. [a] ,  -50 f l o  (c = 2.20). Found: C, 62.29, 61.79, 62.19: 
H ,  8.53, 8.30, 8.04; OCH3, 25.91. Calc. for C~jHgy08N:  C ,  62.36; H,  8.16; 
4 OCHa, 25.78. 
Ulti-aviolet spectruln (Fig. 1): 255 mp (1.31); A,,,, 270 mp (1.60). 
Infrared spectrum: 3485 (ST), 3390 (GS), 1710 (73), 1616 (92), 1510 (19), 
1494 (24), 1413 (29), 1357 (2'7), 1344 (2B), 1.333 (29), 1324 (27), 1.296 (31), 
13,76 (52), 1252 (31), 1236 (59), 1209 (691, 1184 (42), 1166 (48), 1140 (42), 
1117s (71), 1105s (SG), 1098 (87), 1081 (73), 1065 (59), 1053 (55), 1045s (47), 
1025 (32), 997 (38), 974 (291, 957 (37), 894 (IS),  867 (15), SO5 (22), 782 (19), 
'754 (IS),  705 (17). 

(a) Eleven ~nilligrams of secol\-coctonam ketol in a n  evacuated tube was 
heated to around 240' until decomposition stopped and the product solidified. 
The product was extracted and I-ecr!-stallizecl from acetone, giving 5 mgm.. 
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111.p. 291' and 2 mgm. m.p. 289'. Neither crop depressed the melting point of 
the products from (b) and (6). 

(b)  T o  a solution of 63 mgm. of desmethanolsecolycoctonam diketone in 
a mixture of 1 cc. of methanol and 3 cc. of water was added 30 mgm. of soclium 
borohyclride. After 0.5 hr. the solution was acidified and extracted with chloro- 
form. The GO mgm. of crystals obtained on evaporation of the chloroform 
melted a t  279'. After two recrystallizations from methanol 29 mgm. m.p. 291' 
was obtained. 

(c) A solution of 52 mgm. of secolycoctonar~l ketol in 2 cc. of 6 N sulphul-ic 
acid was heated on the steam bath for 0.5 hr. Chloroform extracted 50 Ingm. 
of product. When recrystallized twice from methanol-acetone this inelted a t  
294-299'. -76 =t 10' (c = 0.85) (sparingly soluble in etllanol). Found: 
C, 64.06; H ,  7.65; OCH,, 20.59. Calc. for C24H350iN: C,  64.12; H,  7.85; 
3 OCHj, 20.7. 
Ultraviolet spectrum: A,,,,,, 285 n ~ p  (1.97); A,,, 305 mp (2.03). 
Infrared spectrum: 3345 (53), 3215 (53), 1683 (29), 1.662 (76), 1640 (88), 
1430 (38), 1400 (19), 1356 (28), 1336 (25), 1320 (19), 1287 (18), 1270 ( l i ) ,  
1242s (28), 1221 (57), 1205 (44), 1196 (45), 1170 (33), 1140 (44), 1115 (74), 
1096 (go), 1062 (54), 1046 (38), 1025s (15), 1010s (17), 995 (29), 975 (22), 
959 (22), 905 (12), 884 (16), 845 ( l l ) ,  831 (26), 800 (G), 767 (13), 753 (11), 
710 (12), 695 (16). 

" Iso" Compoz~nd 

Secolycoctonanl diketone (152 mgin.) was adsorbed fro111 benzene on 5 gin. 
of alumina, activity 3-4, and left on the column for  15+ hr. Thil-ty cubic 
centimeters of benzene, 100 cc. of 50% CGHB-CHCI:i, and 50 cc. of chloroforn~ 
eluted 71 mgm., from which some desmethanolsecolycoctonan~ diketone was 
obtained. Chloroforin containing 0.25y0 of methanol eluted 77 mgm. which 
crystallized from acetone giving 53 mgm. n1.p. 216'. After two recrystal- 
lizations from acetone the compound melted a t  218' after softening a t  213' 
(immersed a t  195'). This proved identical with the prodi~ct from the original 
chromatogra~n of the periodate cleavage products. [a],  58 f 2' (c = 0.72). 
Found: C, 62.25; H,  7.82; N, 3.07; OCH3, 24.4, 26.89. Calc. for C25H370sN: 
C, 62.61; H ,  7.78; N, 2.92; 4 OCH,, 25.88. 
Ultraviolet spectr~nn (Fig. 1) : A,,, 218 mp (3.82), A,,,,, 285 mp (l.G2), A,,, 
335 mp (2.26). 
Infrared spectrum: 3430 (54), 3325 (43), 1734 (74), 1632 (92), 1418 (70), 
1398 (44), 1345 (49), 1325 (39), 1295 (54), 1269 (59), 1226 (62), 1217 (58), 
1197 (53), 1161 (56), 1148s (67), 1138 (79), 1133 (79), 1107 (87), 1099 (86), 
1091 (82), 1077 (GO), 1063 (70), 1055 (71), 1030 (68), 1016 (49), 1002 (57), 
981 (GI), 944 (40), 934s (29), 923s (24), 902 (16), 875 (12), 831 (13), 803 (13), 
760 (21), 725 (21), 700 (14), 685 (20), 663 (13), 648 (21). 

When 25 mgm. of "iso" compound was treated for one hour with diazo- 
inethane in ~nethanol-ether, 21 mgm. of unchanged compouncl was recovered. 

A solution of 20 mgm. of "iso" compound and 90 mgm. of potassium hy- 
droxide in 1.5 cc. of methanol lvas diluted with 1.5 cc. of water and left a t  
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EDWARDS AA'D IIIARION: LYCOCTONINE 207 

room temperature for one hour. The solution was concentrated to half volun~e 
under reduced pressure and extracted with chloroform. The 12 mgm. of 
neutral product crystallized from acetone-ether when seeded with clesme- 
thanolsecolycoctona~n diltetone. The 8 mgm. of crystals after one recrystal- 
lizatio~l melted a t  205" (hot stage) and showed no depression with desmethanol- 
secolycocto~la~n diketone. A comparison of infrared spectra confirmed the 
identity. 

A solution of 7G mgm. of "iso" compound and 40 nlgnl. of sodium boro- 
hydride in 4 cc. of 50% aqueous methanol was left a t  room temperature. 
After acidification the solution was extracted with chloroform. The 76 mgm, 
of product crystallized from concentrated acetone solution giving 8 mgm., 
n1.p. 275O, and 52 mgln., m.p. 204-211°. The former proved to be desmethanol- 
secolycoctonam ketol, while the latter, after one recrystallization, was shown 
by mixed melting point and comparison of infrared spectra to be secolycocto- 
naln ketol. 

The "iso" compound was inert to hydrogen over Adams' catalyst in ethanol 
containing hydrochloric acid (3 cc. alcohol, two drops concentrated acid). 

"Iso" compound (19.7 mgm.) in 3 cc. of ethanol in the presence of platinum 
from 10 mgm. Adams' catalyst absorbed 1.03 cc. (N.T.P.) of hydrogen (1.1 
moles) in 40 min., after which the reaction was stopped. (Another experiment 
showed that the hydrogenation proceeded a t  a reduced rate until over two 
moles were absorbed.) The product crystallized completely. One recrystal- 
lization from methanol-acetone gave 10 mgm. n1.p. 283-288' (hot stage). 
Mixed m.p. with a sample of des~nethanolsecolycoctonam ketol was 283-293" 
(hot stage). 

A mixture of 82 mgm. of "iso" compound and 1.2 gm. of active (1) manga- 
nese dioxide in G cc. of dry benzene was shaken for two hours. The manganese 
dioxide was removed by filtration and washed with benzene. The benzene 
solution contained 56 mgm. of product. A solution of this material in ether 
containing a little acetone deposited a few milligrams of crystals, after addition 
of petroleum ether. After recrystallization from acetolle-ether this melted a t  
152" and had A,,, 219 mp (3.'7), A,,, 285 mp (1.7), and A,,,, 340 mp (2.2) 
(assumed mol. wt. 480). Methanol extraction of the manganese dioxide gave 
27 mgm. of ether-insoluble product. This was combined with the no~lcrystalline 
material and chromatographed on 2.5 gm. of alu~nina (activity 3-4). Fifty 
per cent chloroform-benzene eluted 18 mgm. which did not crystallize. The 
main fraction had no short-wave-length maximum, log E 3.76 (215 mp), A,,,, 
312 mp (2.1), A,,, 330 mp (2.15) (assumed mol. wt. 480). Chlorofornl eluted 
7 mgm. of amorphous material. Methanol (0.5%) in chloroform eluted 25 mgm. 
which deposited G mgm. of crystals fro111 acetone-ether. After recrystallization 
these melted a t  182" and had A,,,, 219 mp (3.66), A,,,, 285 n ~ p  (l .Gl),  and 
A,,, 335 mp (2.10) (assumed mol. wt. 480). 

" Iso" Co~npound lkfonoacetade 

Thirty milligrams of "iso" compound was warmed gently with a mixture 
of 1 cc. of pyridine and 1 cc. of acetic anhydride until it dissolved. The solution 
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was left a t  room temperatul-e for 22 hr., the reagents clistilled under ~ - e d ~ ~ ~ ~ d  
pressure, and a chloroform solution of the residue washed with dilute acicl and 
base. The procluct ci-ystallized fro111 ether-petroleum ether, giving 24 ingnl. 
n1.p. 1'76". One recrystallization raised the m.p. to 1'77" (immersed a t  150") 
(21 mgm.). Found: C, 62.87, 62.75; H, 7.24, '7.63; OCI33, 24.66. Calc. for 
C27H3909N: C, 62.1'7; H ,  7.54; 4 OCH3, 23.79. 
Ultraviolet spectrum: A,,,,, 218 111p (3.82); A,,,, 2S5 inp (1.62); A,,, 33'7 nlp 

(2.25). 
Infrared spectrun~: 3500 (30), 1'738 (S2), 1651 (80), 1335 (43), 1325 (38), 
1300 (45), 1291 (49), 1275 (47), 1266 (471, 1248 (75), 1232 (80), 1211 (GI), 
1195 (41), 1180 (35), 1167 (49), 1145 (52), 1125 (78), 1115 (75), 1094 (79), 
1072 (52), 1045 (70), 1026 (50), 990 (50). 

"Anhydroiso" and "a-iso" Compounds 

-4 suspension of 77 mgm. of "iso" coinpound in 3 cc. of 6 N sulphuric acid 
was heated for 45 min. on the steam bath. Solution was complete in 20 min. 
The 77 mgm. of neutral product extracted by chloroform was adsorbed from 
benzene on 2.5 gm. of alumina, activity 2. 

Eluant (30 cc. portioris) / Weight eluted, Ingrn. 

1. Benzene 
2. 50y0 Benzene-chloroform 
3. 50% Benzene-chloroform 
1. 50% Benzene-chloroform 
5. $yo Methanol in chloroforln 
6. 4% R4ethanol in chloroforill 

Fraction 2 crystallized readily froin ether, giving 13 mgm., m.p. 204". This 
could be readily sublimed a t  175", 5 X mm. pressure, without changing 
the melting point. [a] ,  81 2" (6  = 0.56). Found: C, 64.89; H ,  7.70; OCHa, 
26.78, 26.66. Calc. for C?5H370iN: C,  65.06; H ,  7.64; 4 OCH3, 26.78. 
Ultraviolet spectrum: Amin 270 (0.89); A,,, 300 (1.9). 
Infrared spectrum: 1732 (79), 1646 (8S), 1550 (14), 1485 (58), 1450 (62), 
1437s (43), 1382 (51), 1365 (52), 1345 (36), 1326 (35), 1306 (30), 1288 (32), 
1273 (45), 1257 (53), 1216 (59), 1205s (43), 1185 (45), 1168 (51), 1135 ( i i ) ,  
1100 (go), 1086 (86), 1070 (50), 1048 (47), 1025 (36), 1004 (72), 991 (45), 
975 (35), 950 (32), 940 (29), 920 (21), 910 (20), 895 (34), 885 (51), 850 (48), 
810 (15), 775 (32), 725 (9), 649 (4). 

Fraction 5 crystallized from ether after prolonged scratching, giving 
21 mgm., m.p. 167-176'. After two recrystallizations from acetone-ether this 
melted a t  171-175". 66 A lo (c  = 2.18). Found: C, 63.04; H ,  7.64; Y, 
3.19; 0CH3,  25.59; active hydrogen, 0.41, 0.39. Calc. ior C?5H370gN: C, 62.61; 
H,  7.78; N, 2.92; 4 OCH3, 25.88; 2 active hydrogens 0.42. 
Ultraviolet spectrum: log E 3.22 (225 n ~ p )  and 1.11 (250 mp) -no  features. 
Infrared spectrum: 3505 (52), 3450 (32), 1643 (89), 1560 (13), 1486 (61), 
1400 (44), 1362 (40), 1327 (42), 1311 (GO), 1295 (40), 1267s (38), 1260 (49), 
1225 (67), 1205 (50), 1200s (471, 1171, (36), 1158 (40), 1141s (54), 1129 (72), 
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1110 (80), 1082 (78), 1050 (62), 1030 (59), 1016 (54), 993 (As), 975 (481, 
951 (491, 925 (261, (312s (20), 895 (23), 855 (25), 835 (26), 805 ( lo) ,  782s (13), 
775 (301, 750 ( l l ) ,  735 (121, 718 (9), 700 (61, 665 (151, 646 (12). 

When 20 mgnl. of "a-iso" compound was treated a t  room temperature for 
five hours with acetic anhydride and pyridine, 19 mgm. of crystalline material 
1n.p 175" was recovered. This proved identical with starting inaterial (mixed 
1n.p. and infrared spectrum). 

Des(oxymethy1ene) -secolycoctonam Diketone 
.A solution of 0.5 gm. of des(oxymethylei1e)-lycoctonam, 0.5 gm. of para- 

periodic acid, and 0.8 gm. of hydrated sodium acetate was left for six days a t  
room temperature in the dark (molar uptake of periodate 0.61 in 72 hr., 1.0 in 
six days). T h e  solution was made nearly neutral with sodiunl bicarbonate 
and extracted with chloroform. T h e  488 mgm. extracted crystallized readily 
from ether, giving 320 mgnl., n1.p. 159' and 40 ~ n g m . ,  1n.p. 156". One recrystal- 
lization raised the melting point t o  160". An eight funnel counterc~rrrent 
distribution between benzene and water gave material from funnels three t o  
six melting a t  160 to 162". [a]= 85 f 1" (c = 2.39). This reduced Tollen's 
reagent a t  room temperature and Fehling's solution on the steam bath, bu t  
was unchanged by permanganate in acetone in 1.5 hr. An aqueous solution of 
the compound was unaffected by two hours contact with fresh silver oxide. 
Found: C, 64.29, 64.59, 63.80; I-I, 7.47, 7.56, 7.91; N,  3.40; OCH,, 27.39. 
Calc. for C24H3507N: C ,  64.12; H ,  7.85; N, 3.12; 4 OCHs, 27.61. 
Ultraviolet spectrum: log 6 3.79 (215 mji); A,,, 265 mp (1.67); A , , ,  322 mp 
(2.42). 
Infrared spectrum (30 ingm. per ml. of chloroform, 0.1 mm. cell): 3010 (42), 
2960 (39), 2900 (27), 2840 (26), 1765 (48), 1711 (48), 1646 (68), 1468 (36), 
1432 (28), 1385 (22), 1360 (20), 1327 (17), 1294 (18), '1110 (60), 1095 (68), 
1028 (16), 1002 (19), 966 (15), 942 ( lo) ,  904 (8). 

(5 mgin. per rill. in carbon disulphide, 1 mm. cell): 2940 (58), 2880 (45), 
2820 (44), 1758 (71), 1713 (68), 1663 (93), 1378 (42), 1358 (39), 1347 (29), 
1295 (32), 1268 (33), 1250 (34), 1235 (49), 1210 (61), 1100 (87), 1038 (27), 
1004 (32), 967 (28). 

Desmethanoldes(oxymethylelze)-secolycoctonam Diketone 
Ninety milligranls of cles(oxq-methylem)-secolycoctonan~ diketone in 4 cc. 

of 6 N sulphuric acid was heated on the steain bath for 30 min. T h e  cooled 
solution was neutralized and extracted with chloroform. The  86 mgm. of 
product crystallized froin acetone-ether giving 71 mgm. m.p. 229" and 
11 mgm. m.p. 225". After three recrystallizations from acetone the conlpound 
melted a t  228-230" (immersed a t  205") [aID 86 =t 1" (c = 1.88). Found: C ,  
66.15, 66.44; H ,  8.03, 7.71 ; N, 3.62; OCH3, 21.4. Calc. for C?3H3106N: C ,  66.16; 
H ,  7.49; N,  3.36; 3 OCH,, 22.30. 
Ultraviolet spectrum : A,,, 223 mji (4.04); A,,,  275 mji (1.82) ; A,,, 321 mp 
(2.50). 
Infrared spectrum (29.8 mgm. per ml. of chloroform, 0.1 mm. cell): 3000 (32), 
2940 (33), 2890s (20), 2825 (IG), 1762 (44), 1678 (49), 1465 (33), 1433 (23), 
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138G (21), 1359 (20), 1332 ( l i ) ,  1296 (13), 1270 (18), 1155 (18), 1115 (58), 
1095 (58), 1052 (18), 1000 (19), 961 (15), 861 (12), 845 (14). 

The  con~pound was recovered unchanged after two hours refluxing with 
6 N sulphuric acicl. I t  reduced Tollen's reagent rapidly a t  room temperat~u-e. 

Des(oxymethy1ene)-secolycoctonaln Ketol 
A solution of 73 mgm. of des(oxylnethy1ene)-secolycoctonam diketone and 

30 Ingm. of sodium borohydricle in 2 cc. of 50% aqueous methanol was left 
a t  room temperature for 30 ~n in .  The  solutior~ was acidified and the product 
extracted quantitatively with chloroform. This crystallized, on addition of 
ether to a very concentrated acetone solution, yielding 56 mgm., n1.p. 180-183". 
After two recrystallizations from the same solvents, the co~npound melted a t  
182-185". [a] ,  -69 f lo. Found: C,  63.88; 13, 8.07. Calc. for C2,,Hai07N:C, 
63.83; H ,  8.26. 
Ultraviolet spectrum: log E 3.83 a t  212 nip; shoulder a t  265-280 nip, log e 1.9. 
Infrared spectrum: 3365 (86), 1713 (86), 1626 (97), 1355 (74), 1293 (70), 
1281 (70), 1253s (49), 1230 (86), 1211 (85), 1180s (62), 1140 (88), 1105 (94), 
1089 (79), 1060 (70), 1006 (67), 966 (58), 929 (34), 916 (34), 905 (35), 886 (29), 
851 (39), 805 (37), 773 (25), 720 (41), 684 (34), 642 (48). 

Desmet/~anoldes(oxymethylene)-secolycoctonam Ketol 
Twenty-eight milligrams of des(oxymethylene)-secolycoctona~n ltetol in 

2 cc. of 6 N sulphuric acicl was heated for 0.5 hr. The  solution was neutralized 
and extracted with chloroform. An acetone-ether solution of the product de- 
posited 26 mgm. of crystals, m.p. 217". After recrystallization the compound 
melted a t  214-217" (immersed a t  190"). [a] ,  -97 f lo. Found: C, 66.33, 
66.03; H ,  8.12, 8.02; N, 3.44; OCH,, 22.85. Calc. for C23W330sN: C,  65.84; 
H ,  7.93; N ,  3.34; 3 OCH,, 22.19. 
Ultraviolet spectrum: log E 4.04 (212 mp) ;  log E 4.00 (220 mp); log e 3.96 
(225 mp) ; A,, ,, 280 mp (1.89) ; X ,,,, 305 mp (1.99). 
Infrared spectrum: 3320 (63), 1670 (77), 1624 (89), 1335 (36), 1290 (27), 
1250 (32), 1230 (53), 1210 (SO), 1197 (48), 1140 (57), 1114 (77), 1092 (77), 
1075 (45), 1055 (46). 1000 (46), 970 (26), 951 (28), 895 (15), 856 (21), 834 (23), 
755 (21), 720 (12), 695 (11). 

"Des(oxynzethy1ene)-iso" Compound 

Des(oxy~nethylene)-secolycoctonanl diketone (162 mgm.) was adsorbed 
from benzene onto 5 g n ~ .  of alumina (activity 2) and left on the colu~nn for 
15 hr. Benzene eluted a mixture of desmethanoldes(oxymethylene) diltetone 
ancl starting material; 25y0 chloroform in benzene gave starting material; 
then 50y0 chloroform-benzene, chloroform, and 0.5y0 methanol in chloroforn~ 
eluted 105 mgm. An ether solution of this deposited 76 nlgIn. of crystals. This 
was best purified by chromatography 011 alumina (activity 2). The  product 
then was obtained melting a t  220-230". After three recrystallizations from 
acetone it melted a t  222-232". [a]D 31 f 1" (c = 1.99). Found: C ,  63.69, 
64.39; H ,  7.43, 8.15; N ,  3.28; OCH3, 27.43. Calc. for C24H35O7N: C,  64.12; 
H ,  7.85; N, 3.12; 4 OCH,, 27.61. 
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Ultraviolet spectrum: A,,, 219 mp (3.82); A,,, 285 mp (1.71); A,,, 340 mp 
(2.27). 
Infrared spectru~n: 3520 (33), 3010 (27), 1742 (74), 1652 (92), 1480 (46), 
1429 (50), 1394 (37), 1360 (55), 1335.5 (31), 1329 (34), 1322s (30), 1308 (34), 
1298 (49), 1293 (50), 1282 (41), 1269s (30), 1255 (39), 1224 (58), 1209 (53), 
1185 (40), 1174 (44), 1155 (60), 1127 (89), 1117 (85), 1096 (78), 1080s (58), 
1065s (53), 1056 (64), 1045 (49), 1011 (42), 1000 (54), 990 (50), 972 (32), 
964 (32), 935 (37), 894 (14), 871 (14), 845 (21), 800s (23), 795 (26), 788s (14), 
742 (14), 691 (20), 648 (29), 608 (25). 

The compo~~nd was inert to hydrogen in the presence of .Adams' catalyst 
in acetic acid or in ethanol containing a little concentrated hydrochloric acid. 
The compound was recovered unchanged after it was shaken in benzene 
solution with active manganese dioxide (I)  for two hours. 

"Des(0-methyl)des(oxymethylene)-iso' ' Compozlnd 

Thirty-six milligrams of "des(oxyrnethy1ene)-iso" compound in 2 cc. of 
6 N sulphuric acid was heated on the steam bath for 45 min. Methylene 
dichloride extracted 36 mgm. which crystallized froin acetone-ether giving 
30 mgm. m.p. 162' and 3 mgm. of less pure crystals. Recrystallization from 
the same solvents raised the melting point to 162-164' (preliminary loss of 
solvent of crystallization). [a] ,  -97 f 2' (c = 1.25). Found: C, 63.77; H, 
7.60; OCH3, 20.85; active hydrogen 0.41. Calc. for C23HaJOiN: C, 63.43: 
H ,  7.64; 3 0CH3,  21.38; two active hydrogens, 0.46. 
Ultraviolet spectrum: log €3.6 (215 mp); log E 3.3 (220 mp); log c 3.1 (250 mp); 
A ,  ,, 270 mp (1.29) ; A,,, 3 12 ~ n p  (1.73). 
Infrared spectrum: 3530 (47), 3465 (45), 3380 (42), 1755 (81), 1710 (33), 
1657 (92), 1427 (61), 1360 (GO), 1321 (46), 1278 (49), 1210 (80), 1187 (63), 
1151s (41), 1098 (94), 1075 (68), 1035 (51), 1002 (57), 990 (50), 965 (34), 
950 (33), 903 (25), 854 (19), 841 (18), 805 (22), 780 (IG), 750s (18), 741 (23), 
710 (19), 700 (21), 666 (12), 643 (13). 

The compound proved inert to hydrogen over Adams' catalyst in ethanoI 
containing hydrochloric acid. 

When 14 mgm. of the compound and 38 ingm. of paraperiodic acid in 2 cc. of 
water \\rere left a t  room temperature for 24 hr., only traces of product coulcl 
be extracted from neutral, acidic, or basic medium. 

"Dihydrodes(0-methyl)des(o.vymethylene)-iso" Compozlnd 

A solution of 55 mgm. of "des(0-methyl)des(oxymethylene)-iso" conlpound 
and 43 mgrn. of sodium borohydride in 2 cc. of methanol and 0.5 cc. of water 
stood for one hour a t  room temperature. Dilute sulphuric acid was added 
slo~vly until gas evolution ceased (pH still near 8) ,  water was added, and the 
solution extracted with chlorofor~n. The 62 mgm. of product was insoluble 
in ether. I t  crystallized in part from wet acetone giving 25 mgm., 111.p. above 
330'. The acetone soluble part crystallized from concentratecl aqueous solution, 
giving 8 mgm. n1.p. 82-86'. The high melting solid appeared to be the salt of 
a borate complex. I t  was dissolved in 1 cc. of methanol, and I cc. of 6 N sul- 
phuric acid and 0.5 cc. of water added. After two hours at room telnperat~lre 
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the solution was extractecl with chloroform. The product crystallized from 
chlorofor~n-ether, giving 17 mgnl. n1.p. 161' and 4 rngnl. 1n.p. 157". The 
crystals melting a t  86' proved to be a higher hydrate of this compound 
(infrared and mixed n1.p. compariso~ls of dried samples). One recrystallizatio~l 
raised the melting point to 162O. The compound was dried in vacuo a t  100° 
over phosphoric anhydride for 3.5 hr. Found: C, 60.07; H ,  7.77; 0CH3, 18.84. 
Calc. for C2sH;is07N.Hz0: C, 60.64; H,  8.19; 3 OCHs 20.44. 
Ultraviolet spectrum: Only end absorption. 
Infrared spectrum: (30 mgm. per rnl. in chlorofornl, 0.1 mm. cell): 3425 broad, 
3000 (38), 2945 (39), 2900s (29), 2825 (22), 1631 (61), 1465 (29), 1450s (28), 
1385 (26), 1359 (25), 1328 (21), 1315 (22), 1298 (20), 1137s (29), 1120 (53), 
1095 (63), 1037 (25)., 1000 (241, 958 (13). 

Dihydrodesmethanoldes(oxymethyle~ze)-secolycocton~m Diketone 

(a) A solution of 31.5 mgm. of des(oxymethy1ene)-secolycoctonam diketone 
in 4 cc. of absolute ethanol containing three drops of concentratetl hydrochloric 
acid was hydrogenated under one atmosphere pressure using Ada~ns'  catalyst 
(prereduced from 25 mgm. of oxide). In three hours 1.0 mole of llydrogen was 
taken up. The solution was filtered, concentrated to small volunle ~111der 
reduced pressure, and the residue taken u p  in sodium carbonate solution. 
Methylene dichloride extracted 31 mgm. which crystallized spontaneously on 
standing overnight. After three recrystallizations from ether the product 
melted a t  177'. [a]D 38 f lo (c = 1.85). Found: C, 65.19, 66.18; H, 8.02, 
7.99; OCH3, 22.27. Calc. for C23H&N: C,  65.84; H ,  7.93; 3 OCHj, 22.19. 
Ultraviolet spectrum: log E 3.81 (212 mp); log E 3.80 (220 mp) ; A,,, 267 (1.96); 
A,,, 320 (2.40). 
Infrared spectrum: 1756 (74), 1701 (73), 1663 (go), 1423 (58), 1358 (42), 
1345s (33), 1324 (34), 1292 (27), 1271 (37), 1215s (31), 1241 (48), 1210 (70), 
1180s (34), 1173 (35), 1151 (35), 1139 (43), 1120s (72), 1107 (81), 1095 (74), 
1088s (72), 1050 (26), 1040 (32), 1013 (38), 998 (41), 963 (33), 925 (20), 
903 (18), 858 (16), 843 (IG), 800 (13), 725 (25), 675 (5). 

(b) A suspension of platinum from 12.8 mgm. of platinum oxide (Adams') 
in a solution of 51 mgm. of desmethanoldes(oxymethy1ene)-secolycoctonan~ 
diketone in 3 cc. of ethanol and three drops of concentrated hydrochloric acid 
took up 1.07 moles of hydrogen in 40 inin. The product crystallized readily 
from ether, giving 42 mgm., m.p. 169". -After purification by chromatography 
on alumina the product melted a t  171°, and proved identical with the product 
from (a) (mixed m.p. and colnparison of infrared spectra). 

Periodate Oxidation of Hydroxylcoctonine 

Hydroxylcocto~~ine (41 mgm.) in 5.0 cc. of 0.05 molar periodic acid solution 
buffered to pH 5 using sodiurn acetate consumed 0.74 X lo-' ~nole (mole ratio 
0.87) of the reagent in five hours a t  room temperature. After addition of 
sodium carbonate, thorough extraction with chloroform removed only 6 mgnl. 
from the aqueous layer. This crystallized from ether, 111.p. 140°, inixed m.p. 
with hydroxylcoctonine 143-148". Under similar conditions iri 21 hr. 1.07 nloles 
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of periodic acid was consumed per mole of base (only 1 mgm. of base could be 
extracted (36 mgm. used)), and in 68 hr. the molar uptake of reagent was 1.13. 

21-Acetoxypregnene-3-01-20-one 

Recrystallized from ether m.p. 180-183". 
Ultraviolet spectrum: log E 2.62 (215 mp); A,,,i,, 240 mp (1.81); A,,, 280 mp 
(2.11). 
Etiocho1an.-3 a-01-11 , I  7-dione 

U-ltraviolet spectrum: log E 2.23 (215 mp) ; A,,, 240 mp (near 0) ; A,,, 295 111p 
(1.83). 

Cyclodecane-1 ,G-&one 
Recrystallized from ether n1.p. 99-100". 

Ultraviolet spectrum: log E 0.45 (230 mp); A,,,, 285 mp (1.59). 
Infrared spectrum (15 mgm. per ml. in chloroform, 0.1 mm. cell): 2940 (26), 
2890 (15), 1707 (GG), 1443 (28), 1420 (29), 1372 (22), 1345 (19), 1146 (35), 
1112 (25), 1042 (12), 980 (11). 
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NOTES 

CALCULATION OF ELECTRON TRAP DEPTHS FROM 
THERhfOLUMINESCENCE MAXIMA* 

BY A. H. BOOTH 

The thern~oluminescence curve, obtained by plotting the intensity of light 
emission against temperature for a constant rate of heating, is valuable for 
finding the distribution of electron traps in a phosphor. Each maximum in the 
light intensity corresponds to the emptying of a trap whose energy level is a 
function of the temperature a t  the n~aximum. This temperature is an easily 
measured experimental quantity but it has hitherto not been possible to evaluate 
the trap depth from this alone. Accessory data  were required, such as the decay 
rate or the light sum stored a t  the peak (4), which might be clifficult to obtain 
or imprecise. I t  will be shown here how the trap depth can be calculatecl using 
only the positions of the maxima a t  two different rates of heating. 

Randall and Wilkins (3) derived the equation for the tl~ermolun~inescet~ce or 
"glow" curve for a single trap depth, assuming first order kinetics and no 
re-trapping, in the form 

[I]  I = C nos exp [- S T(s/B) exp ( -E /kT)  dT]  exp ( - E / ~ T ) ;  

where I is the brightness, C and ?to are arbitrary constants, E is the trap depth, 
s is an atomic frequency factor, and B is the rate of heating. From this they did 
not solve for the conditions for the maximum (the glow peak) directly, but 
wrote 

E = T* [ I  + f (s, B) ]  k log, s 

where T* is the temperature a t  the maximum; and showed by plotting a numeri- 
cal example of equation [I],  s sing Biinger and Flechsig's (1) values for s and E 
in KCI(T1) phosphor, that j'(s, B) is small compared with unity when B is in 
the range 0.5 to 2.5 degrees/sec. This linear relationship becomes, with the 
same value of s(2.9 X lo9 set.-l) 

E = 25 k T* (for B in the range given). 

This last result has been widely quotecl as a general rule of thumb; but  the 
numerical constant depends on s, and this will be different for each trap, even 
in the same substance. 111 very simple cases where s can be obtained from the 
intercept on the plot of 1/T against the logarithm of the phosphorescence 
decay constant, E will be known from the slope, so that the glow curve data 
are then redundant. 

I t  may have escaped attention that,  even though the integral in the first 
exponential bracket cannot be expressed in closed form, an exact solution for 
the inaximunl in equation [I]  can be had by setting the derivative equal to 
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BOOl'H: ELECTRON T R A P  DEPTHS 

zero in the usual way. For we can write 

ZL . dv/dT + v . dz~/dz. dz/dT = 0, 

where ZL and v are the two exponentials (in the orcler written) and ZL = et = dz~/dz. 
Whence, directly, 

E -- S 
- -- exp ( -E /~T*) .  

k ( ~ " ) ~  B 

This equation gives a curve which differs very little from a straight line, 
E = a k T*. I t  is GY0 below it at 100°I<., G% above it a t  900°1<. Thus, Randall 
and Wilkin's linear approximation will be excellent in most cases. The effect of 
heating rate on the maximurn can now be given in explicit 'form: 

log, BO/Bl = (2 log,T:+ E/kTT) - (2 log,T: + E/kT:) 

N a1 - uo (using the linear approximation). 
Similarly, 

A more useful application of equation [2] follows. If the maxima are deter- 
mined for two different rates of heating we have simultaneous equations in the 
~~nknowns E and s. Hence, 

k TT ~ o *  * * 
= 7- (log, Bo/B1 + 2 log, TI/To). 

TO - TT . 

If neecled, s can be found by substituting E back into [2]. 
Experimentally, such an approach appears attractive. Easily measured 

shifts in the maxima can be had with heating rates well within the practical 
range. Different workers (2, 3) have used rates of 0.03 to 3.0 degrees/sec. 
With the 0.67 ev. trap in KCl(Tl), for example, such a difference should cause a 
shift of nearly 50 degrees in the position of the maxim~uu. This is, in fact, borne, 
out experimentally in the references given, the peaks being a t  about 300°and 
350°1<. respectively. 

In principle one should be able to obtain all trap depths from quite complex 
curves, although the relative contributions of peak and subpeaks may often 
be difficult to analyze. The assunlption of first order kinetics seems to be gener- 
ally valid for each individual trap, but a number of traps lying close together 
in depth may have decay rates which, in sum, obey an inverse power laiir (3). 
The identification of individual traps is then not feasible in any event. 

I. BUNGER, W. and FLECIISIG, W. Z. Physik, 67: 42. 1931. 
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4. URBACH, F. I n  Solid lr~n~inescent materials. (Cornell Symposiitni of .411ierican Physical 
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REACTIONS OF SYRINGALDEHYDE INVOLVING HALOGENATION 

In a manner similar to that whereby vanillin may be prepared by the oxida- 
tion of softwood lignins,, a mixture of vanillin and syringaldehyde would be 
so obtained by the oxidation of hardwood lignins. The value of this prepara- 
tion of these aromatic aldehydes as pure chenlicals would be increased if 
their separation could be achieved readily. Pearl and Dickey (8) have sum- 
nlarizecl the various laboratory methods that have been used. A paper chroma- 
tographic separation has subsequently been described by Stone and Blunclell 
(12). The aim of the present work, in part, was to determine whether syringal- 
dehyde (VIII) could be separated from vanillill (VII) by bromination or 
iodination of the VII under conditions wherein no reactions occurred with the 
VIII. The halogenation of vanillill in the reactive 5-position is well established, 
but there have been no reports on any similar introduction of halogen into 
the syringaldehyde molecule. Any such reaction would be expected to be 
inininlized owing to the absence of any such activated position ortho to  the 
phenolic hydroxyl group. The decreased ortho-directing tendency of methoxyl 
groups, due likely to steric effects, has been pointed out by Rosenwald (11). 
Syringaldehyde was treated with iodine under similar conditions to those 
used for the preparation of 5-iodovanillin (9), that is, iodine dissolved in 
a potassium iodide solution was added slowly to an alkaline solution of the 
aldehyde. A dense, black, iodine-containing product resulted which gave no 
definite melting point. A similar iodination of a 1:l molar mixture of vanillin 
and syringaldehyde was then attempted using an amount of iodine eq~iimolar 
to the vanillin with which it was thought reaction would be more rapid. 
The same black product resulted and was not studied further. In the attempts 
to brominate syringaldehyde according to the procedure for the preparation 
of 5-bromovanillin ( G ) ,  the previously unreported 2-bromosyringaldehyde 
(I), m.p. 186-187OC., was obtained. On repeating this reaction with equimolar 
amounts of vanillin, syringaldehyde, and bromine, a precipitate resulted which 
consisted of a mixture of 5-bromovanillin (m.p. 164OC.) and I. Neither of the 
halogenation methods appeared t o  be a practical means of separation of 
mixtures of VII and VIII. The 2-bromosyringaldehyde (I) was identified 
by analyses and conversion to the known derivatives. 

Repeated attempts to convert syringic acid (111) to the reference com- 
pound 2-bromosyringic acid (11) according to the direct bromination pro- 
cedure of Lcvine (5) were unsuccessful. I t  is interesting to note that Bogert 
and Plaut (1) reported a similar failure. 2-Broino-3,4,5-trimethoxybenzoic 
acid (V) was made from 3,4,5-trimethoxybenzoic acid (IV) according to  the 
method of Feist and Dschu (3) only i f  the powdered iron catalyst that they 
recomlllend was omitted; otherwise, unchanged IV was recovered. T h e  
oxidation of I with silver oxide according to the method used by Pearl ( 7 )  
for the oxidation of vanillin gave a product having the required properties 
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CH3O-Br CH30-Hr C H O  H 

HO< )COOH + HO< )CHO - cE130(- jR 
CH3O- CH,O- CHjO- 

I I I VI 

(R = CHO; CO. CHI; CH-CHI; CH?-CHO) 
\ / 

0 

VII  V I I I  

of 11. Other structure proof of I was obtained by its methylation with diazo- 
methane to VI, which was subsequently oxidized with potassium permanganate 
to a product V, identical with that obtained from IV. Since the reaction of 
aromatic aldehydes with diazomethane may give rise to the mixture of pro- 
ducts shown as VI (2), no purification was attempted a t  this stage in the belief 
that all such products would be oxidized to V. 

Two derivatives, the oxime and the acetate of 2-broinosyringaldehyde, 
were prepared as pure compounds and their analyses reported. 

EXPERIMENTAL 

A. Iodination Studies 
Syringaldehyde (5 gm.) (9) was reacted with iodine under the same relative 

conditions as those used for the preparation of 5-iodovanillin (9). A black 
residue (5.5 gm.) resulted, which gave a positive Beilstein test, had no definite 
melting point but  charred slowly to leave a residue. A similar treatment of 
equimolar amounts of syringaldehyde (5 gm.), vanillin (4.2 gm.), and iodine 
(7 gm.) again resulted in a similar black precipitate (9.3 gm.). 

B. Bromination Studies 
Syringaldehyde (6 gm.) was reacted with bromine under the same relative 

conditions as those used for the preparation of 5-bromovanillin (6). The  
resulting light yellow product (4.7 gm.) was recrystallized three times from 
glacial acetic acid; colorless needles, m.p. 186-187OC. A similar treatment of 
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equimolar (0.017 mole) amounts of syringaldehyde (3 gm.) and vanillin 
(2.5 gm.) with bromine (1.4 gm.) (0.0087 mole) gave rise to a white product 
(1.5 gm.) which, after two recrystallizations from ethanol, yielded a procluct 
(m.p. 152-155°C.) (0.9 gm.) whose mixed melting point (159-161°C.) with an 
authentic sample (m .p  164°C.) indicated that it was mainly 5-bromovnnillin. 
A further experiment using an eqi~imolar (0.017 mole) amount of bromine 
yielded a product which, after recrystallization from ethanol, weighed 2.0 
gm., m.1, 135-143°C. 

C. Preparation. and Irlentification of 2-Bromosyri~zgaldehyde 

Preparation 

Several runs were made to study the opt i~num conditions of preparation 
of this new co~npound. Neither decreasing the rate of addition of bromine 
nor refluxing the reaction mixture for from 15 min. to six hours after complete 
addition ~naterially affected the yield. The following procedure illustrated 
the sythesis. Syringaldehyde (6 grn.) was clissolved, with warming, in glacial 
acetic acicl (15 ml.). T o  this hot solution was added, dropwise, over a period 
of 20 min., a solution of bromine (5.3 gm.) in acetic acid (10 ml.). The crude 
reaction product which separated was removed by filtration ; weight, 6.2 gm. 
After recrystallization from glacial acetic acid, then ethanol, colorless needles 
resulted. Yielcl, 3.8 gm., rn.p. 186-18'7°C. Calc. for C9H904Br: mol. \vt. 261; 
C, 41.4; H,  3.48; Br, 30.6; 0 C H 3 ,  23.8y0. Found: mol. wt. (Rast) 262, 265; 
C, 41.55, 41.60; H ,  3.G5, 3.60; Br, 30.7, 30.86; OCHa, 23.2, 23.6yo. 

2-Bromosyringaldehyde oxime.-The oxime was prepared in the usual 
way; m.p. 132-133" C.* Calc..for C9HloOlBrN: C, 39.2; H, 3.G5; OCHa, 22.5%. 
Found:C,39.9,39.2;H,4.1,4.0;OCHa,22.2yo. 

2-Bromosyringaldehyde acetate.-This monoacetate was prepared ac- 
cording to the method used for the preparation of the analogous derivative 
of vanillin (10). Recrystallization from ethanol gave white needles, m.p. 
11.3.5-114.5°C. Calc. for CllHl1O6Br: C, 43.62; H ,  3.66; 0CH3, 20.4%. Found: 
C, 43.70; H ,  3.82; OCH3, 20.4, 19.970 . 

Identification 

Synthesis of 2-bromo-3,4,5-trimethoxybenzoic acid (II,').-Starting with 
3,4,5-trirnethoxybenzoic acid the method of Feist ancl Dschu (3) was followed 
but the required procluct, n1.p. 148.5-150°C. (reported (3), 148°C.) was 
obtained onl!. if the powdered iron catalyst, mentioned in their procedure, 
was omitted. 

Oxidation of 2-bromosyringaldehyde to 2-bromosyringic acid.-To the washed 
silver oxide prepared from silver nitrate (2.4 gm.) (7) was added water (24 ml.), 
sodium hydroxide (2.8 gm.), and 2-bromosyringaldehyde (2 gm.). After 
gentle heating with stirring for 20 min., the solution was filtered and the 

" I t  was observed tlz(11 this orime, after recrystallization from eillzer ethanol-water or water alor~e, 
rrrelted a[  100-102°C. after air-dryirrg. Fzsrther drying i n  a n  Abderhalden drier or i n  a vacuum 
desiccator raised the rne l t iq  point to 132-13S0C. Th i s  suggested that the oxime forfns a stable 
hydrare of ~ t n k n o w ? ~  exact cornposition. Calc. for C9HloOlBrlV.3/2 H20: OCH3,20./tS;l,. Found for 
the prodzrct, 711.p. 100-102°C: OCH,, 20.4, 20.2, 20.87G. 
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residue washed with hot water. The  combined filtrate was acidified with 
sulphur dioxide gas but no precipitate formed. T o  recover any unreacted 
aldehyde, dilute sulphuric acid (7 ml.) was added ancl the solution boiled 
until the sulphur dioxicle had been removed. After stancling, a precipitate 
was removed and was shown to be starting material (35% recovery). The  
remaining filtrate was extracted with ether. This extract was dried and the 
excess solvent removed to leave a residue (1.0 gm.). Two recrys~allizations 
from dilute acetic acid gave pale yellow crystals (0.6gm.) 1n.p. 153-155OC. in 
good agreement with that of 155°C. reported by Levine (5). Calc. for 
CgH905Br: C ,  39.0; H ,  3.28; 0CH3,  22.4%. Found: C,  39.2; H ,  3.38; 0CH3, 
22.2%. 

Conversion of 2-bronzosyringalclehyde to 2-bromo-3,4,5-trimethoxybenzoic 
acid.-To a suspension of 2-bromosyringaldehyde (4 gm.) in ether (300 ml.) 
was addecl an ethereal solution of diazomethane prepared from nitroso- 
inethylurea (20.8 gni.). After 2.5 lir. stirring a t  around O°C. a clear solution 
resulted after which the ether and excess diazomethane were allowed to 
evaporate a t  room temperature. The residual yellow oil was dissolved in 
ether (100 ml.) and this solution extracted with 5% sodium hydroxide ( 2  X 
100 n~l . ) .  The ether layer, after drying, was concentrated to leave an orange- 
colored oil (4.3 gm.) which was used directly in the next step. 

The method of Head and Robertson (4) for the oxidation of a substituted 
benzaldehyde to  the corresponding acid was first tested by the successful 
conversion of veratraldehyde to veratric acid in GOYo yield, after recrystal- 
lization from dilute acetone. T o  the methylated product (4.3 gm.) obtained 
above, dissolved In acetone (100 ml.), was added with swirling a solution of 
potassium permanganate (1.62 gni.) in water (50 inl.) over a period of one 
hour at  50-55°C. During the next hour, further permanganate (0.38 gm. 
in 10 ml. water) was added. The mixture was cooled to O0C., cleared with 
sulphur dioxide, and the acetone evaporated. Some white crystals and a 
yellow oil separated, which, after decantation of the water, were treated 
with saturated sodium bicarbonate (50 ml.) which dissolved only the crystals. 
From this solution, after acidification, a white precipitate (0.8 gm.) was 
obtained. Reoxidation of the oil resulted in a further amount (0.2 gm.) of 
product. These were combined and after recrystallization froin dilute ethanol 
gave the required product, n1.p. 146-148°C. A mixed melti~lg point with 
synthetic V was undepressed. Calc. for CloH1105Br: C, 41.3; H,  3.81; OCH3, 
31.9%. Found: C, 42.1,41.6; H,  3.94,4.16; OCH?, 31.6,31.8%. 
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VOI.UME 32 MARCH. 1954 NUMBER 3 

OBSERVATIONS ON THE REACTION OF B,p'-DICHLORODIETHYL 
SULPHIDE WITH GLYCINE AND WITH GLYCYLGLYCINEl 

In the reaction of (3,(3'-dichlorodiethyl sulphide with glycine and with glycyl- 
glycine in dilute aqueous base, stable complex sulphonium chlorides are formed. 
One of these compounds has been isolated in a pure state from the  H-glycine 
reaction and a tentative structure has been proposed. 

The reaction of p,p'-dichlorodiethyl sulphide (designated hereafter as "H") 
with glycine in aqueous alkaline solution a t  pH 10 has previously been de- 
scribed by Fleming, Moore, and Butler (4). As the main product was not 
characterized chemically, further investigation of the reaction was undertaken. 

This product has been obtained in pure form and shown to be a nitrogen- 
containing sulphonium chloride. Nitrogen; sulphur, and chlorine values, and 
other data, admit of the following tentative structure. 

The purification and chemistry of this compound and also a preliminary 
investigation of other products of the reaction of H with glycine are described 
in this comn~unication. Because of their intractable nature man). of the com- 
pounds were only obtained in an impure state. 

EXPERIMENTAL 

,A11 the reactions of 1-1 with amino compounds described below were carried 
out a t  37' C. in the presence of aqueous sodium hydroxide. 

IT-glycine (Cornpozind I) 
The preparation of this compound in impure form has been described by 

Fleming et al. (4). In the present investigation, 2 N sodium hydroxide was 
added through a simplified Hershberg funnel to the vigorouslj7 stirred mixture 
of glycine, water, and H in a round-bottomed flask fitted with a glass electrode 

1 illanz~script received A ~ ~ ~ z r s t  20, 1953. 
Contribution from t l z  Departntent of Biocharnislry, dfcGill l l~~ivers i t y .  Project C W  557 

of The Department of National Defence. Calrada. 
Preselat address: The Monfreal Gerreral Hospital Research Zzsfittlte, Afonfreal, I-'.@. 
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for pH ~neasu.rement. The rate of addition of sodium hydroxide was adj~tstetl 
to keep the pH close to 7.5. 

Purification of the crude gum obtained from the reaction niixture by precipi- 
tation witli hydrochloric acid was effected by solution of th.e gum in water 
with the aid of sodium hydroxide and conti~iuous extracti0.n of the concentrated 
aqueous solution witli n-or sec-butanol for one to two hours. T h e  aqueous 
phase, after acidification with hydrochloric acid to pI-I 2 was concentrated 
in vaczio on the steam bath, and the residue dissolved in methanol. The ti ltered 
methanol solution was poured into a large volume of acetone to precipitate 
the product. T h e  solid was washed with acetone, and dried over magnesium 
perchlorate a t  80-100° C. and 0.1 mm. The  product was a white crystalline, 
hygroscopic solid, nielting a t  lG1° C. to a viscous liquid. 
Found: N,  500; S, 17.0; C1 (Carius), 23.3, (with Hg (NO3)?) 24.4. ('alc. for 
ClsH3.105N2S,C14: N, 4.89; S ,  16.8; Cl, 24.8. , . 

The  fornlation of complexes by compound I with heavy metal ions ((-o++, 
Cd++, Ni*, Cu++j has been mentioned prev io~~s ly  (2,4). Silver nitrate in dilute 
solution failed to yield an initial precipitate of silver chloride with this com- 
pound, although the chloride ion present was titratable with mercuric nitrate. 
Highly diluted cupric ion gave a greenish-blue color with compound I .  
Potentionietric titration of I failed to indicate the presence of an isoelectric 
region characteristic of compounds such as  glycine, and showed, moreover, 
that the nitrogen atollls are practically uncharged above pH 8 (Fig. I) .  The  

M e g .  NaOH per gram 

Frc. 1. Titration curves of compounds I ,  11, IV, V, and XI.  

observed similarity in the titration curves of compound 1 and the other coni- 
pounds described later in this conuiiunication seems to indicate a fundamental 
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DOUGLAS AND HEARD: 6 . 8 ' -  DICHLORO-DIETHYL SGLPHIDE 223 

similarity in str~lcture,  probably the postulated presence of a s ~ ~ l p h o n i u m  
sulphur atom in the P-position to amino nitrogen. 'The absence of hydroxyl 
groups was indicated by failure of I to react with acetyl chloride or acetic 
anhydride. T h a t  vinyl groups adjacent to sulphonium s~rlphur are absent was 
shown by failure of I to react with thiosulphate in bicarbonate b~!ffe~- (Stnh- 
mann, Fruton, and Bergmann (8)).  

Analytical nitrogen, sulphur, and chlorine values and the observed properties 
admit of the following tentative structure: 

Evidence that sulphonium sulphur is present is furnished by the observeti 
presence of chloride ion in excess of the calculated amount bo~~nc l  by the 
nitrogen atoms as h~~drochloride.  T h e  assumed presence of the terminal 

. thioxane ring seems to  be the only conclusion possible in view u l  the indicated 
absence of hydroxyl or vinyl groups. 

Fission of Compound I in Hydrochloric Acid 

Two grams of I in 20 cc. of water refluxed with an equal volume of concen- 
trated hydrochloric acid for one and a half hours. Some white material which 
formed during the reaction was filtered off. T h e  filtrate was evapol-ated 
in vacuo on the steam bath to a small volun~e,  and most of the remaining acid 
was neutralized with 2 N sodium hydroxide, giving a solution of pH 2. T h e  
sodium chloricle which separated on f~rrther evaporatiorl was filtered uff, and 
the filtrate was put aside for seven months. T h e  solution was then evaporated 
to dryness and the residue extracted with methanol. Precipitation with 
acetorle yielded a white, hygroscopic solid (compo~rnd 11) which was dried 
in vacuo a t  80° C .  

Electrometric t i t ra t~on of this compound yielrled '1 culve similar to that  
obtained for compound I (Fig. I) .  T h e  presence of chloride i011s in excess of 
that required by the two nitrogen atoms again strongly indicated the presence 
of sulphonium sulphur. T o  c o n ~ p o ~ ~ n c l  1 1  has been assigned the following 
tentative structure: 

Foulld: N ,  6.60; S, 15.0; Cl, 26.0. Calc. for C1ZH250dN2S2C1,$: N, 6.50; S ,  14.9; 
Cl, 24.6. 

Isolation of Compound IT7 From the H-glycine Reaction 

The  supernatant liquid, after the initial precipitation of con~pound I ,  was 
~leutralized and extracted continuously with n-butanol for three hours. The  
filtered aqueous phase was taken to dryness i n  vacuo. The resulting residue 
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was taken up in methanol, the sodium chloride filtered off, the filtrate partially 
evaporated and poured into a large volume of acetone. The gun1 whicll 
precipitated was separated by decantation, washed with acetone, and dried 
in a drying pistol a t  80° C. This compound was a white amorphous, hygro- 
scopic solid. Found: N,  5.90; S, 15.5; CI, 14.2. Because of its physical proper- 
ties, this substance as obtained was probably impure. 

'The large analytical chlorine value indicated that this compound was also 
a sulphonium chloride. The presence of glycylglycyl residues was indicatecl 
bj. elementary analysis, and from potentiometric titration only one titratable 
carboxyl group was present for every two nitrogen atoms. 

Compound Tr 
This compound, formed when H reacts with glycine in the presence of 

thiodiglycol, is similar to IV in its physical properties, but differs in N, S, 
and CI content. 

One-tenth mole each of H,  thiodiglycol, and glycine were stirred together 
in 250 cc. of water in the presence of added 2 N sodium hydroxide. The pH 
was kept close to 7.5. The reaction misture was evaporated in vacuo to a 
convenient volume, and was extracted continuously with n-butanol for two 
hours. Upon working up the aqueous phase as described for the isolation of 
conlpound IV, the product was obtained as hygroscopic, yellow gum, which 
softened on warming. Found: N,  7.00; S, 16.6; C1, 4.62. Both IV and V gavc 
similar, but not superimposable, titration curves, as illustrated in Fig. 1. 

Reaction of Glycylglycine with H and T hiodiglycol 

Reaction of tenth-molar quantities of H ,  glycylglycine, and thiodiglycol 
was carried out in dilute sodium hydroxide a t  pH 7.5. From the aqueous 
phase after continuous extraction with sec-butanol was obtained a gum 
soluble in ethylene chlorohydrin. Precipitation of the material from its ethylene 
chlorohydrin solution with ethanol yielded a brown, crystalline solid, which 
became amorphous on being dried a t  40" C. in the oven. Yield 4.1 gm. Found 
for compound XI :  N, 9.9; S, 12.8; C1, 5.41. The  titration curve of this com- 
pound was similar to those of the compounds previously described (Fig. I). 

DISCUSSION 

The tendency for H to form sulphonium salts in water and in the presence 
of thiodiglycol has been noted by several observers (Stein, hiloore, and Berg- 
mann (9), Herriott (5)). I t  appears that,  in the initial absence of thiodiglycol, 
a t  least partial hydrolysis of some of the H molecules is necessary before 
s~ i l~honiunl  salts sufficiently stable to be isolated can be formed. The sul- 
phonium chloride HBTG, 

H O C H ~ C H ~  CHzCH?OH 

has been described by Stein, Moore, and Bcrgnlann (9). I t  appears to be the 
most stable of the sulphoni~im chlorides derived from the hydrolysis of H,  
but can be deconlposed further to the thiodiglj~col, or converted back to H. 
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DOCCL.4S AND HEARD: 8, 8'- DICIILORO-DIEIHYL SCLPHIDE 225 

'The nitrogen-containing s u l p h o n i ~ ~ m  chlorides described in this communica- 
tion in contrast, appear to be quite stable structures, and,  by virtue of the  
proximity of s u l p h o n i ~ ~ m  sulphur, amino nitrogen, and free carboxyl group, 
possess unique physical and chemical properties. One common property of  
all these sulphonium chlorides investigated is the characteristic shape of 
their titration curves. 

I f  it is assumed that  the initial stage in the reactions of 1-1 in aqueous media 
is the formation of the cyclic intermediate of Bartlett and Swain (1) the  

tendency towards the formation of open chain secondary amines rather than 
thi=anes when H reacts with amino compounds such a s  glycine may be 
explained. This cyclic ion, by virtue of its labile structure is a powerful alkyl- 
sting agent. Moreover, rearrangement of H to  this structure takes place 
with a lower velocity than the subsequent hydrolysis or alkylation reaction (1). 
After alkylation of an amino group, e.g. of glycine, the remaining chlorine 
atom of the 1-1 residue becomes ionic, and another cyclic structure is formed, 
capable of alkylating a second amino group. This di-2-glycinoethyl sulphide 
apparently can undergo further alkylation by another H molecule to  form a 
stable sulphonium chloride. This intermediate, which is still capable of forming 
a cyclic sulphonium ion, apparently reacts further with another hydrolyzed H 
residue or with thioxane, yielding compound I. 

In  aqueous media, the presence of buffers may influence the  course of a 
reaction involving H ,  since ester formation has been shown to occur readily 
in the presence of many anions (1, 4, 6). Formation of thiodiglycol esters map 
occur with a greater velocity than alkylation of amino compounds which 
are present. Thus,  in the presence of buffers, such as  acetate or bicarbonate, 
the products of the reaction of H with amino con~pounds may be entirely 
difl'erent from those formed in the absence of buffers. In attempts to  reproduce 
as closely a s  possible physiological conditions of pH in vitro, many investi- 
gators have employed rather high concentrations of buffer salts, and may 
thus have failed to  obtain H derivatives of biochemical significance. 

T h e  possibility of the formation of sulphonium chlorides when H reacts 
with proteins has already been considered by several investigators (Ogston (7)). 
I I stable sulphonium chlorides similar in type t o  compounds I ,  IV, V, and XI 
are formed in the H-protein reaction, with protein residues replacing the 
amino acid residues, a n  explanation is a t  once offered for some of the observed 
properties of the H-protein complexes. The  strongly bound chlorine in these 
complexes (7) is in reality chloride ion associated with sulphonium sulphur, 
and the observed changes in the titration curves of the altered proteins may 
I~ossibly be clue in part  to  the influeilce of the  strongly electropositive sul- 
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phonium s u l p h u r ,  a n d  n o t  en t i re ly  to "covering" of t h e  carbox)-l g r o u p s  of 
t h e  proteins  as pos tu la ted  previously (7). S u c h  complex protein sulphoniurn 

chlorides ma!. be of significance in t h e  react ions of H in  vivo (3). 
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CARBODIIMIDES 
PART III.* (A) A NEW METHOD FOR THE PREPARATION OF MIXED ESTERS OF 
PHOSPHORIC ACID. (B) SOME OBSERVATIONS ON THE BASE-CATALYZED 

ADDITION OF ALCOHOLS T O  CARBODIIMIDES' 

. . 
I he preparation of a  umber of N,N'-di-p-tolyl-0-alkyl pseudourea ethers 

through the alkoside catalyzed exothermic addition of alcohols to di-p-tolyl 
carbodiimide is described. 'rriethyl amine is not effective as  a catalyst for such 
additions. Dicyclohes)~lcarbodiimide has been found not to undergo such addi- 
tions a t  all. 

The N,N'-diaryl-0-alkyl pseudourea ethers decompose in the presence of 
mono-and disubsti t~~ted hydrogen phosphates to  form the diary1 urea and the 
neutral tertiary phosphates in excellent yield. Several mised esters of phosphoric 
acid have been prepared by this method. 

I3ecause of their importance in biological processes, esters of phosphoric 
acid, particularlj. those derived from carbohydrates, purine, and pyrimidine 
glj.cosides, have been the subject of extensive chemical investigations in recent 
years (1, 9, 12, 13, 18, 22). ('hemica1 methods of phosphor)-lation have been 
developed which have been successfull). applied to the synthesis of many 
naturallj- occurring monoalkj,l esters of phosphoric acicl ( I )  (9, 13). However, 
currently, great interest has been attached to the dinucleoside phosphates 
(dialkj.1 esters of phosphoric acid, 11) which are the degradation products of 
nucleic acicls (15, 17, 19).  

OH OH 

I,  I< = e.g. nucleoside residue. 11, I<, R' = e.g., ~ ~ ~ ~ c l e o s i d e  residues. 

'l'he synthesis of these fragments is therefore important (cf. 7) in the develop- 
ment of the chemistry ol nucleic acids (5). 
, . 1 he methods so far employed extensively for synthesis in the carbohydrate 

and the nucleotide tield (1-4, 9, 12, 13, 17, 22) have used suitably protected 
phosphoric acid cl~loricles such as diphenyl and dibenzyl phosphorochloridatest 
(111, R and Iir=phenyl or benzyl). Soine s~~ntheses  reported employ poly- 
phosphoric acid (12) which also contains activated phosphate bonc1s.X 

1 ~llnlrz~sct ipl  rcccioed Scplenrbcr 23 ,  1953. 
Contribztf.ion frolir the Cherrtislry Ditisiorr of Brilish Colzrtnbia IZcsenrch Coz~t~ci! ,  Vaxcoziuer 8 ,  

B.C., Canada. Presentad before the Chan~islry Section o f  the R.C. Acndanry ? f  Srietrces nt i ls  
Scrrr?~th A n t ~ u a l  Co7;ferencc held on Apri l  17 atrd 18, 1.053. 

* Part 11 ,  Can. J .  Clreni. 31: 585. 1953. 
t See new norwcncLatzrre of phospltoroz~s compoz~nds ndoptedi by the. I1tler7~ntio?ral U n i o ) ~  of 

Pzlre and Applied Clten~istry. J.  Clicn~. Soc. 5122. 1.952: 
f Sea also a recent palerrt by A .  R. Todd and F. i l .  Alhertot~ (Chant. :lbstrnct.s, 47: 6436. 

19.53), on the use of letraOa?rsyl pyropl~osplrtrte ipt phosphorylntion of nlrohols. 
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I I 
IZO-P-OR' 

I 

Another main approach which has found some application in the synthesis of bio- 
logically important substances is the heterogeneous reaction between a metallic 
(e.g. silver) salt of phosphoric acid and a halogen derivative (7 and the refer- 
ences cited therein). For the synthesis of the complex dialkyl esters of phos- 
phoric acid, e.g. the dinucleoside phosphates mentioned above, a logical 
extension of the present methods would require the preparation of the inter- 
mediate nucleoside phosphorochloridates (I1 I, R = nucleoside residue, R', a 
protecting group, e.g. benzyl). As these intermediates are relatively inaccess- 
ible substances, the development of methods in which the well characterized 
mononucleotides (9) should serve directly for the phosphorylation of a second 
suitably protected nucleoside is clearly desirable. In the present com~nunica- 
tion we wish to report on a new method designed to achieve this purpose. 

Dains recorded that the hydrochloride of di-0-tolyl-0-methyl pseudourea 
ether presumably (IV) decon~posed on heating to form methyl chloride. This 
observation suggested the possibility of the synthesis of mixed esters of 

phosphoric acid b\. bringing a mono- or dialkj.1 hydrogen phosphate (I or 11) 
into reaction with a pseudourea ether derived fro111 the alcohol to be phos- 
phorylated. 

- I< '0 
OR 1 

.;\r N = C = N  .lr d Ar N = C - N H  .qr + R'O-P-OH 
+ROH 1 

0 R 
I I 
0 

0 
VII 
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N,Nf-diphenyl-0-ethyl pseudourea ether (VI ;  Ar = phen5.1; K =ethyl) was 
first prepared by Lengfield and Stieglitz (14) by heating ethyl alcohol with 
diphenyl carbodiimide (V; Ar = phenyl) in a sealecl tube. By this method 
Dains (6) prepared a number of pseudourea ethers derived from aromatic . 
carbodiimides. Stieglitz (21) also cliscovered the exothermic sodium-ethoxide- 
catalyzed addition of ethyl alcohol-to diphenyl carbodiimide. ,4s far as we are 
aware this reaction has not been examined further. 

We have confirmed and extendecl these tindings of early worlters and have 
prepared in practically quantitativc yield a number of pseudourea ethers hy 
tlie addition of alcohols to di-p-tolyl carbodiimide (V; Ar = p-tolyl). 'l'he 
choice of this carbodiimide was dictated by its easy preparation in a cryst;lllinc 
state (24, 25; see also experimental) and its stability over A period of several 
months. The preparation of pseudourea ethers through base catalysis is prefer- 
able to the sealed tube treatment because of a numbcr of considerations. ,4 
~lseful modificatio~i appears to be the use of stoichiometric amounts of the alco- 
1101-and the carbodiimide ill an anhydrous solvent, e.g. dioxane (see Experi- 
mental). Theoretical yield of N ,Nf-di-p-tolyl-0-n-b~i tyl pseudourea ether was 
thus obtained. Further, it was clearly desirable to attempt to replace sodium 
by a tertiary base, e.g. trietliylamine, as the catalyst for the productiorl of 
alkoxide ions. No reaction was however observed between alcohols and di-p- 
tolyl carbodiimide in the presence of pyridine or triethyla~nine over a period 
of three clays. 

I t  was also of interest to  examine the addition of alcol~ols to aliphatic carbo- 
diimides. Using catalytic as well as two equivalents of sodium dissolved in 
n-butyl alcohol, it was fourld that dicyclohexyl carbodiimide is practically 
inert a t  room temperature. The presence of the unchanged carbodiimide was 
demonstrated by ( a )  strong absorption* a t  4.T5p in the infrared spectrum; 
(b) evolution of carbon monoxide and carbon dioxide on the addition of oxalic 
acid (23); and (c) the formation of dicycloliexyl urea ancl tetrabenzyl pyro- 
phosphate on the addition of dibenzyl hydrogen phosphate (11). lMore vigorous 
conditions to effect the addition of alcohols to clir)~clohexyl carbodiimicle have 

m t  been tried. 
The observed stability of dicyc1ohex)~l carbodiimide to tlie attack of all~oxicle 

ions is presumably due to the high electron densit>- at  the central carbon of the 
twinned double bands, which is the point of attack in such reactions. Iieaction 
occurs readily when, ill place of the electron donating alltyl groups (e.g. cyclo- 
Ilexyl) , aromatic residues are present, the latter resulting in increased conjuga- 
tion ol the two nitrogen-carbon clouble bands with the respective aromatic 
rings.t 

I;or the preparation of phosphoric acid esters through the 0-alkyl pseudo- 
urea ethers, we have found that a benzene solution of a mixture of N,Nf-di-p- 
tolyl-0-alkyl pseudourea ethers and diesters of phosphoric acid, although 
quite stable a t  room temperature, deposits, on being refluxed, di-p-tolyl urea 

* T h i s  barld i s  characlcristic of - L\'= C= "V-s l re l c l~ i?~~ ,  cf.  H. G. Klzora?za, ref. 10. 
t I n  a rece?zl paper, which was received czfter the contplelio,~. o f  thc above zuork, Hi inig  et (11. (8) 

lzave advanced similar argu??le?Lts lo exp la i?~  the d[ferr?zc.cs in ;ate of reaction (!f ryanidcV io?~s  
zriih nro~??nlic n71d ctlifiltc~tir cnrhodi i~~ridrs .  
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and from the clear benzene solution tertiary esters of phosphoric acid (V11) 
can he isolated in excellent yield. In all cases studied, a reflux period of two 
,\nd one-half to three hours was found to be sufficient for the completion of 
this reaction (VI -+ VI I). In this way we have prepared several terti:\ry 
phosphates (see Table 11) including a few which do not appear to have been 
previously obtained analytically pure (cf. 12). 

The direct prepar'ltion of dialkyl esters, using monoesters of phosphoric 
acid (i.e. monoaIkvlation) was next attempted. The reaction between equi- 
molar proportions of monophenyl dihydrogen phosphate and di-p-tolyl-0- 
ethyl pseudourea gave, however, in addition to cli-p-tolyl urea, diethyl phenyl 
phosphate (20) and the unreacted acid as the only recognizable products. -. I his result although disappointing from the present point of view was not 
surprising. As the dialkyl esters of phosphoric acid (e.g. I I )  are known to be, in 
general, stronger acids than the monoalkyl esters (e.g. I )  the initial product of 
reaction (of the type 11) would be expected to react preferentially with the 
pseudourea ethers, forming thus the completely esterified product. 

The application of this method in the nucleotide fielcl and to more complex 
cases will be reported in due course. 

EXPERIMEN'I'AL 

Preparation of Di-p-/olyl Carbodiimide (cf. 24, 25) 

Finely powdered cli-p-tolyl thiourea (60 gm.) and ),ellow mercuric oxide- 
(100 gm.) was added to carbon disulphide (500 cc.) and the reaction mixture 
~vas  warmed gently and shaken for 30 min. Anhjrdrous calcium chIoride 
(cn. 25 gm.) was then added and the mikture filtered under suction. The 
insoluble mercuric sulphide and admixed calcium chloricle were washecl 
thoroughly with ether. The combined washings and filtrate were evaporatecl 
uncler reduced pressure. Di-p-tolyl carbodiimide obtained as  an oil solidifiecl 
~~ncler  prolonged suction. This was dissolved in petroIeum ether (h.p. 30"-60°), 
filtered from traces of insoluble material and crystallized according to the 
directions of Zetzsche and Nerger (25). Yield in first crop, 40 gm. Mother 
licluor after being col~centrated and standing a t  -20" deposited a further crop 
(ccz. 5 gm.). 

:V,N1-di-p-/oLyl-0-n-bzctyl Pseudozcree Ether 

( n )  Using S/oichiometric Amozcnts of Sodizcm 
.A solution of di-p-tolyl carbodiimide (8.88 gln.; 0.04 moles) in anhydrous 

ether (15 cc.) was added rapidly to a solution of sodium n-butoxidc (obtainecl 
b ~ .  dissolving 1 gm. sodium) in anhydrous n-butyl alcohol (25 cc.). The mixture 
which became warm was kept for 15 min. with complete exclusion of moisture, 
then diluted with ether, washed thrice with water, and dried over anhydrous 
sodi~lm sulphate. N,K1-di-p-tolyl,O-72-butyl pseudourea ether obtained as 
viscous oil after removal of ether and butyl alcohol under reduced pressure 
cl-~st;~llized on prolonged suction. Yield, 11.8 gm.; theoretical. A portion was 

' Hr~ker and  Adanrson-reagent gradi.  
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recrystallized by keeping its petroleum ether (b.p. 30"-60") solution : ~ t  -20" 
and afforcled clusters of fine needles. These were collected and washed with 
more chilled solvent, 1n.p. 34". Found; C ,  77.0; H ,  8.1; N, 9.675; C 1 9 H r 4 0 N r  
requires C ,  77.0; H ,  8.1; and N ,  9.5%. 

(b) Using Catalytic A,mounts of Sodium 
(i) With excess of n-butyl alcohol. -An ethereal so l~~t ion  of di-p-tolyl 

carbodiimide (2.22 gm.; 0.01 mole) was added to a solution of soclium butylate 
(from ca. 30 mgrn. of sodium) in n-butyl alcohol (10 cc.). The reaction mixture 
was worked up a s  above, giving 2.9 gm. (theoretical yield) of the pseudoure,~ 
ether. 

(ii) In  dioxane, wilh stoichiometric amounts of n-butyl alcohol. --Sodium 
(30 mgm.) was clissolved i n  a solution of anhydrous 71-butyl alcohol ( I  cc.; 
ca. 1.1 mole) in anhydrous dioxane (5 cc.). Di-p-tolyl carbodiimicle (2.22 gm.;  
1 mole) was then added. The warm reaction mixture was kept for 30 min. ancl 
then worked up as above. Yield of the pseudourea ether, 2.85 grn. 

(c) Attempted Preparation by Gsing Triethylamine as the Catalyst 

Triethylamine (0.2 cc.) was added to a solution of di-p-tolyl carbodiimide 
( I  .11 gm.) in anhydrous n-butyl alcohol (6 cc.) and the mixture kept in a sealecl 
flask a t  room temperature for three days. After evaporation of the alcohol 
and triethylarnine in vacuo, the residual oil was taken up in petroleum ether. 
The solution afforded, on being kept a t  -20°, the unrencted carbocliirnide, 
m.p. 54"-55". 

By  sing the conditions described above ( b )  ( i)  the pseudourea ethers listecl 
in Table I were prepared. 

'I'ABLE I 
N , N ' - D ~ - ~ - T ~ L Y L - O - I ~ S I ~ U D C ~ U R I I . ~  ISTHERS 

Attempted Preparation of N,N'-Dicyclohexyl-0-butyl Psez~dourea Ether .-, 
(a) A solution of clicyclohexyl carbodii~uide (2.06 gm.) in anh~.clrotis ether 

15 cc.) was added to dry n-butyl alcohol containing ca. 30 mgm. of clissolvecl 
sodium. No warming was observed and the oil obtained after working up  in 
the usual manner was examined as  described under ( b )  (see below). 

Naine and forlG~~la 
of N,N'-di-p-tolpl- 
pseudourea ether 
-- --- -- - 

0-methyl 
C , , H I ~ O N I  

0-ethyl 
C171-1200N? - 

0-ethoxyethpl 
C19H?,OA'? 

* Tlzc di~lillulions were performed i n  bulb-lubes, with the bulbs con ln in in ,~  the si~bsltrnce crxd ( I  

porlion of tlze tatbe it~rmersed ,in a Lealed air bath. 
t Cryskzllized from pelroler~tn ether (50'-60') by keepi?rfi llz(> sol1rtio7~ al -20". 

M.p. 
or 

b.p.* 
-- 

120°at  2 mm. 

125' a t  2 ~ n ~ n .  

40°t 

Found % 
Iiefer- 
ence 

--- - 

. 6 

--- 

10.8  

10.5  

8 

--- 
C 

-- -- 

75.6  

75.8  

72.9  

Requires 
--- 

I-l 
-- 

I 

6 

7 . 8  

- -- 

C 
--- 

75 .5 .  

76.0 

73.1 

-- - 
1-1 

- -- 

7 .2  

7 . 5  

7 . 8  

--- 
N 

- 

11.0 

10.4 

5 )  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



232 CANADIAN JOURNAL OF CHEMISTRY. VOL. 32 

(b) The above experiment was repeated employing 2 molar equivalents oi 
sodium n-butylate solution in 12-butyl alcohol. The oil obtained was treated as 
iollows: 

(1) An ethereal solution of dibenzyl hydrogen phosphate (280 nlgm.) was 
added to a solution of the oil (110 mgm.). Dicyclohexyl~!rea (50 mgm.; m.p. 
225"-228") separated soon and was collected after one hour. 

(2) 'The addition of oxalic acid to an ethereal solution of the oil caused 
the liberation of carbon monoxide and carbon dioxide. 

B. MIXED ESTERS OF PHOSPHORIC ACID 
General Meth.od: By Using Diesters of Phosphoric Acid 

.-I benzene solution (15 cc.) of anhydrous disubstituted ester of phosphoric 
acid* (0.01 mole) and N,N1-di-p-tolyl pseudourea ether (0.01 mole) is refluxed 
for two and one-half to three hours. Crystals of di-p-tolyl urea begin to separate 
after 15-30 min. The reaction mixture after being allowed to cool is filtered 
and the urea washed with small amounts of benzene. The yielcl of urea is 

TABLE I 1  
MIXED TERTIARY PHOSPHATI~S 

P h o s p h a t e  

E t h y l ,  d i p h e ~ i y l  
C14H1504P 1 135-140' 6 0 5  i 6 0 . 4  5 . 4  1 I 5 2 4 i  1 20 

E t h y l ,  d ibenzy l j  
C16H1904P 1 155-160° 1 62.6 1 6 . 2  1 62.6 1 6 .2  1 1.62% ( 

I I I I I 1 I 
-- 

* These were deternzined zn a n  Abbk Refractometer. 
t The analytical results show thr rontawtination of the product wi th a subslance, preszlnlably 

di-p-tolyl urea, with higlzer C a v d  H co7ztetrt. Alternatively the contatninant might be a dispropor- 
tionation prodz~cc, in  v i m  of [he known occurrence of disproportio7rnlions of phosplrates ot elevated 
/em peraturcs. 

$ i V m  esters. 

usually between 80-95y0 of theoretical. The clear benzene solution is urashecl 
thrice with sodium hydrogen carbonatet then with dilute hydrochloric acid 
and dried over anhydrous sodium sulphate. The neutral ester of phosphoric 
acid obtained as an oil after removal of benzene is distilled twice in uacuo in ii 

bulb-tube immersed in a heated air bath. This step removes the small amounts 
of the urea retained by the esters. The esters prepared in this way are listecl in 
'Table 11. 

* Tile hygroscopic esters, e.g. diplzenyl hydrogsn phosphate, cnjr be deh.ydral~:d Oy azeolropic 
ren~ovul of water through repeated distillation of ils brnzene solution. 

t -41 this stczge some rrren separates, if Ihe separulion i s  not col?rpIe!cr ec~rlier. 
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Prepuratio?~ of Diethyl Phenyl Phosphate (20) by Using Phenyl Dihydrogen 
Phosplzate 

'1 benzene solution (10 cc.) of ~nonophenyl dihydrogen phosphate (1.75 
gm.; 0.01 mole) and N,N'-di-p-tolyl-0-ethyl pseudourea ether (2.7 gm. ;  ca. 
0.01 mole) was refluxed for two and one-half hours. T h e  reaction mixture a f t e r  
being allowed to stand a t  room temperature for one hour was filtered and the 
urea (2 g ~ n . )  washed twice with benzene. T h e  combined filtrate and washings 
were extracted thrice with sodium hydrogen carbonate solution (more urea 
separated a t  this stage) and then dried over anhydrous sodium sulphate. 
Phenyl diethyl phosphate obtained as  a light colored oil was dissolved in 
petroleum ether (b.p. 30'-60') a n d  the solution on standing deposited traces 
of di-9-tolylurea which was removed. T h e  tertiary phosphate was distilled 
twice, after removal of the solvent, a t  2 mm. (air bath temp. 100'). F o ~ ~ n d :  
C, 52.3; H ,  6.8; CloII,SOrP requires C, 52.2; H ,  6.6%. ny5 = 1.4773. 

'The sodium hydrogen carbonate extracts obtained above were evaporated 
to a s1na1l volume, acidified with concentrated hydrochloric acid, and extracted 
thrice with ether. T h e  ethereal solution was dried over sodium sulphate and  
evaporated. T h e  residue which partly solidified was freed from last traces of 
water azeotropically by  distillation of its chloroform solution. I t  was crystal- 
lized from a mixture of chloroform and petroleum ether. Yield 0.68 gm., m.p. 
95'-97'; no depression on admixture with authentic monophenyl dihydrogen 
phosphate. 
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17-HYDROXYLUPANINE AND 17-OXYLUPANINE' 

ABSTRACT 

Silver oxide has been shown to oxidize lupanine to 17-hydrosylupanine. This 
base gives an anhydronium perchlorate identical with the "dehydrolupanine 
(NBS)" perchlorate of Rilarion and Leonard. 17-Oxylupanine is described, and, 
from the observation that it can be reduced catalytically to  osysparteine, the 
stereochemistry of aphylline and oxysparteine is deduced. The basic strength of 
tertiary carbinolamines is discussed. 

Silver oxide has been observed to oxidize lycoctonine to hydroxylycoctonine 
(5, 8) and to dehydrogenate nicotine to nicotyrine (2). In an examination of 
the scope of the reaction of silver oxide with tertiary anlines, we have now 
studied the action of the reagent on several lupine alkaloids. 

Oxysparteine proved to be inert to silver oxide even a t  90° in aqueous 
methanol. Sparteine was almost unattacked a t  room temperature but was 
oxidized a t  GO0 giving products which have not been characterized. Lupanine 
is unaffected bj, the reagent a t  room temperature but is oxidized above GO0 in 
aqueous methanol. Fro'm the mixture of products obtained in this reaction, 
a basic product was isolated as its perchlorate. This analyzed for 
C15H22IY20.HC1Od and proved identical (mixed melting point and comparison 
oi infrared spectra) with the "dehydrolupanine (NBS)" perchlorate of Marion 
and Leonard (6). These worlters treated lupanine with N-bromosuccinin~ide 
and obtained the above perchlorate in high yield from the product. 

We have confirmed their observation that the new base is reduced to lupa- 
nine in the presence of platinum (Adams') in acetic acid solution. Since this 
reduction gave no change of configuration, Marion and Leonard concluded 
that the hydrogen on carbon 11 was not involved. On the assumption that 
N-bromosuccinimide introduced unsaturation a-8 to the basic nitrogen, these 
authors suggested tentatively that their product was 14-dehydrolupanine. 
However, we have now been able to prove decisivel!. that the new base is 
17-hj.droxyli~panine.~ 

1 Manriscrzpl received Noventber 10, 1953. 
Cotztribution from the Division of Pure Cl~enlislry, National Research Cozi~tcil, Ollazoa, 

Ca?~uda Issz~ed as N.R.C. No. 3168. 
2 Present address: Dedartme?zt o f  Chemistry. Colunzbia U?ziversily, !Vrw York. N .  Y., L;.S..?. 

Prese?tt address: ~ ;par tnzen t -o f  ~ h e m i G r y ,  Indiana ~n ivers ; ty ,  Bloominglon, Indlaira, 
-, * 
. .. 

Tlze authors are indebted to Dr. H. J.  Vipond who first suggested this possibility irr l1r.e 
cozirse o f  discussion. 
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, . 
I he infrared spectrum (carbon disulphidc solution) of the new base con- 

tained a hydroxyl band a t  3380 cm.-' which was absent in the spectrum ot 
lupanine in the same solvent. (Liquid films of this base and lupanine both 
showed bands near 3400 cm.-I and this confused the interpretation for a 
time.) An active hydrogen determination (Zerewitinoff) confirrned the presence 
of one hydroxyl group. Reduction of the base with sodium borohydride gave 
lupanine in high yield, which is consistent with the carbinolamine structure. 

When the new base was oxidized with permanganate in acetone a neutral 
oxylupanine, C,c,Hzah'?O2, was obtained. Clemo and 1,eitch (3) described the 
oxidation of dl-lupanine to dl-oxylupanine. When this oxidation was repeated 
with d-lupanine an oxylupanine was obtained which was identical with that 
from the new base. Alkaline ferricyanide oxidation of lupanine also gavc the 
same product. 

Hydrogenation of this oxylupanine in 2 N h)drochloric acid with platinum 
catalyst (Adams') gave oxysparteine, identical with the product from ferri- 
cyanide oxidation of I-sparteine. These observations clearly locate the seconcl 
lactam carbonyl in the above oxylupanine a t  pos~tion 17, and hence show the 
hydroxyl in the new base to  be on that carbon atom. 

The perchlorate and picrate of 17-hydroxylupanine analyze for anhydro 
salts. The  infrared spectrum of the perchlorate has a band a t  1682 cm.-I 

which can be assigned to a ' ' group (9, 10). The plC7s of lupanine 
/ C = N  \ 

and 17-hydroxylupanine in '50% aqueoi1i methanol were fou11d t o  be 8.4 ant1 
10.5 respectively. This difference parallels the findings of Adams and h4nhan (1) 
who showed that  tertiary vinylamines which can form salts of quaternar!- 
ammonium character are stronger bases than the corresponding saturated 
amines. Thus  the salts of 17-hydroxylupanine have the anhydronium salt 
form : 

The  carbinolamines h>.drastinine and cotarnine form similar anhydronium 
salts. The former has a pI< of 11, and the latter has been reported to be a 
strong base (4). However, pseudostrychnine, a carbinolaminc which cannot 
give an anhydro salt (bridgehead double bond), is a weak base (7). 

I t  appears that  silver oxide can convert tertiary amines to  the corresponding 
carbinolamines which in some cases can dehydrate to  the vinylamine. The  
yield in the oxidation of lupanine with silver oxide was low when air was 
excluded, but in one run with exposure to  air  a high yield was obtained. I t  is 
possible that  a silver catalyzed air oxidation was superi~llposed on the direct 
action of the reagent. N-Bronlos~~ccinirnide probably gives 17-bromolupanir~e 
which is later hydrolyzed to  the carbinolamine. 

Since the steric relation between lupanine and sparteine has been estab- 
lished (G), the preparation of oxysparteine from 17-oxylupanine is clear proof 
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of the stereochemistry of the former. Thus aphylline and oxysparteine are: 

0 
Aphylline 

The ultraviolet absorption spectrum of 17-hydroxylupanine perchlorate 
(Fig. 1) is noteworthy. The normal hypsochromic shift in going from an 
aliphatic amine to its salt is reversed. This strong absorption above 250 mp 

must be due to the \ + /  
/ C  = \ 

group. The intense end absorption due to 

the lactam function is illustrated in Fig. 2. 

210 2 5 0  3 0 0  

)r I N  Mp 

Fig. 1 

I I I I * r  

- LUPANINE - 
x- OXYLUPANINE --- OXYSPARTEINE 

- 
v 
w - - 
0 2 - 

- - 

I - - 
- - 

I .  I 1 I I I t I I 

210 250 300 
k IN M p  

Fig. 2 
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EXPERIMENTAL 

Melting points are corrected to & l o  C. The infrared spectra were de- 
termined on a Perkin-Elmer double beam model 21 instrument. They are 
reported by citing the position of the main peaks in c1n-I followed by per- 
centage absorption, in parentheses. The ultraviolet spectra were determined 
on solutions in ethanol using a Beckman D.U. spectrophotometer. 

d-Lupalzine Perchlorate 

d-Lupanine perchlorate isolated in these laboratories from Lupinus poly- 
phycyllzss L. and crystallized from methanol had m.p. 214-215" (immersed at 
180"). [a!]: = +46.8 =t 0.5" (c, 2.29 in water). 

The pI< of lupanine was found to be 8.4 (pH at half-titration) by titration 
of the perchlorate in 50% aqueous methanol. Calc. for CISH2INO?.HClOa: 
C ,  51.61; H,  7.16; N ,  8.02. Found: C, 51.54; H,  7.36; N, 7.84%. Infrared 
spectrum (nujol mull): 3500(31), 3240(42), 2680(35), 1617(91), 1455(77), 
1425(68), 1377(31), 1346(44), 1334(38), 1314(51), 1281(31), 1250(52), 1225(20), 
1192(25), 1170(68), 1 100(98), 967(33), 929(25), 856(19), 820(1 I ) ,  785(14), 
725(15), 655(21), 607(24). 

d-Lupanine base was obtained by treatment of d-lupanine perchlorate with 
aqueous sodium hydroxide, extraction with methylerle chloride, removal of 
solvent after drying (sodium sulphate), and distillation of the oil a t  117-120" 
a t  0.3 mm. Infrared spectrum (3 111gm./1111. i l l  carbon dis~~lphide, I mm. cell): 
2930(64), 2840(36), 1644(77), 1359(32), 1345(38), 1335(18), 1309(37), 
1279(40), 1250(38), 1185(23), 1 lti5(40), 1137(38), 1119(42), 1099(26), 
1071(21), 1025(18), 1013(17), 965(12), 916(14), 842(11), 785(16). 

17-Ilydroxylupanine 

Lupanine (1.614 gm.) dissolved in 50% aqueous methanol (40 cc.) was 
stirred for six hours a t  60-70" with freshly prepared silver oxide (8.8 gm. dry 
weight) in a nearly closed system. Metallic silver was formed slowly. The 
solids were removed by filtration and washed thoroughly with hot methanol. 
'I'he combined filtrate and washings were concentrated to remove solvent, 
made alkaline with aqueous sodi~~rn  hydroxide, filtered, and extracted ex- 
hnustively with methylene chloride. The methylene chloride sol~ltiorl was 
extracted with 3 N sulphuric acid (twice) and once with water. The acid 
solution was made alkaline with sodium hydroxide, extracted with methylene 
chloride, the extract dried (sodium sulphate), and concentrated to yield an 
oil which was converted to perchlorate in methanol. The warm supel-natant 
methanolic solution was removed from the deposited perchlorate (mainly 
d-lupanine perchlorate) and allowed to crystallize to yield crystals, m.p. 210- 
220°, which after three crystallizations from methanol had a melting point of 
253" dec. (immersed a t  210") (100 mgm.). In other similar experiments yields 
of LIP to 15% of the theoretical were obtained. In one experiment in an open 
system (reflux condenser) a yield of 53y0 was obtained. Lupanine was nearly 
inert to air oxidation under similar conditions without a catalyst. A sample 
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of 'the perchlorate prepared by the method of NIarion and Leonard (6) 'also 
melted a t  253"dec.). [a]: = -135.6" (c, 2.91 in water). Found: C, 51.56; 
H ,  6.81; N ,  7.72. Calc. for CI6H22N2O.HC104: c, 51.94; H ,  6.68; N,  8.08%. 
Infrared spectrum (nujol mull) : 1682(33), 1635(86), 1434(55), 1416(53), 
1371(40), 1350(35), 1335(36), 1312(41), 1295(22), 1271(57), 1243(34), 
1215(22), 1175(48), 1149(36), 1103(90), 1182(90), 1130(29), 1.11.1(26), 
975(30), 949(24), 921 (27), 907(17), 880(14), 851 ( l i ) ,  830(14), 686(22), 650(20); 

17-Hydroxylupanine obtained from pure perchlorate was converted to 
picrate in methanol, recrystallized from methanol-ether, m.p. 172-174". 
Found.: C ,  53.22, 53.45; H ,  5.79, 5.73; N, 14.65. Calc. for C21H?5N508: C, 53.05; 
H,  5.30; N, 14.73y0. 

The pK of 17-hydroxylupanine was found to be 10.5 (pH a t  half titration) 
by titration of the perchlorate in 50% aqueous methanol. 

The  base liberated from the perchlorate had [a]:: 38.7 =t 0.5" cc, 3.72 in 
ethanol*). 

"ictive hydrogen (Zerewitinoff). Found: 0.443%. Calc. for one active hydro- 
gen: 0.378y0. Infrared spectrum. (7.6 mgm./ml. in carbon disulphide, 1 mm. 
cell) : 3540(15), 3380(18), 2930(84), 2850(70), 2050(12), 1643(91), 1346(7l), 
1329(67), 1310(65), 1292(44), 1280(40), 1255(64), 1.203(34), 1175(48), 
1165(64), 1128(60), 11 19(62), 1090(53), 1078(60), 1047(43), 1034(50), 
1018(48); 1001(37), 980(25), 963(39), 910(45), 840(30), 795(28), 685(12), 
648(21). 
Catalytic Reduction of 17-Hydroxylupanine 

17-Hydroxylupanine (65 mgm.) dissolved in absolute ethanol (10 cc.) was 
treated with hydrogen a t  atmospheric pressilre and room temperature in the 
presence of Adams' platinum oxide catalyst (50 mgm.). One mole of hydrogen 
was absorbed. The catalyst was removed by filtration, the solr~tion made acid 
to Congo red with 70% perchloric acid and allowecl to crystallize to give 
prisms, m.p. 210-211°, which showed no depression on admixture with au- 
thentic d-lupanine perchlorate. [ ~ r ] ~ ; ~  = +46.1 (c, 1.92 in water). The  in- 
frared spectrum, as a liquid film, of the base from the perchlorate was super- 
posable on that of authentic lupanine. 

Sodium Borohydride Reduction of 17-I3ydroxylupanine 

17-Hydroxylupanine perchlorate (30 mgm.) was dissolved in water (4 cc.) 
and the solution made faintly alkaline with sodium hydroxide. Sodium boro- 
hydride (50 mgn~.)  was added and the solution maintained a t  room tempera- 
ture with occasional shaliing for one hour. The alkaline solution was extracted 
exhaustively with methylene chloride, the extract dried (sodiunl sulphate), 
concentrated, and the resulting oil converted to perchlorate in methanol.The 
salt crystallized from methanol as needles (30 mgm.), m.p. 209-210°, which 
showed no depression on admixture with a specimen of authentic d-lupanine 
perchlorate. 

ct-Oxylupanine from 17-I3ydroxylupanine 

17-Hydroxylupanine (107 mgm.) dissolved in acetone (10 cc.), glacial acetic 
acid (1 cc.), and water (1 cc.) was treated portionwise with pulverized po- 
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tassium permanganate (40 mgm.) during 40 min. The deposited manganese 
dioxide was filtered off and washed with acetone. The combined filtrate and 
washings were concentrated in vacuo to remove solvent, dissolved in methylene 
chloride (10 cc.), washed with dilute hydrochloric acid and water and dried 
(sodium sulphate). The solvent was removed to yield an oil which immediately 
crystallized. Sublimation a t  170° a t  0.4 mm. yielded a colorless crystalline 
product, m.p. 152-153". Calc. for C15H22N202: C, 68.67; H ,  8.45; N ,  10.68. 
Found: C,  68.58; H ,  8.52; N, 10.77%. Infrared spectrum (8.7 mgm./ml. in 
carbon disulphide, 1 mm. cell): 2940(85), 2860(71), 1640(96), 1348(85), 
1330(69), 1320(51), 1308(73), 1275(89), 1260(87), 1231 (51), 1185(57), 1173(63), 
1163(66), ll50(53), 1136(53), 1124(51), 1098(51) 1082(36) 1040(27), 1020(38), 
985(28), 966(33), 916(31), 835(20), 815(21), 771(23), 707(16). 

d-Oxylupanine from Lupanine 

d-Lupanine (532 mgrn.) dissolved in acetone (50 cc.), glacial acetic acid 
(5 cc.), and water (5 cc.) was treated as described for 17-hydroxylupanine 
with pulverized potassium permanganate (859 mgm.) during 35 min. The 
mixture was filtered, the solvent removed in vacuo, the oil dissolved in methyl- 
ene chloride (15 cc.), and extracted with 3 N sulphuric acid (two 15 cc. portions) 
and once with water. The dried (sodium sulphate) methylene chloride solution 
was concentrated to yield a crystalline solid (319 mgm.) which was sublimed 
a t  168-170" a t  0.4 mm. After two recrystallizations from acetone-ether the 
compound melted a t  154". I t  showed no depression on admixture with d-oxy- 
lupanine obtained by oxidation of 17-hydroxylupanine. [a]: = +138.g0 
(c, 2.86 in absolute ethanol). 

Oxidution of Lupanine with Alkaline Ferricyanide 
Lupanine (1.333 gm.) was shaken with potassium ferricyanide (10 gm.) and 

sodium hydroxide (1.75 gnl.) in water (25 cc.) for 40 min. The solution was 
extracted with three portions of methylene chloride, the extracts washed twice 
with 3 N sulphuric acid and with water, dried (sodium sulphate), and concen- 
tratecl to yield an oil (300 mgm.) which partially crystallized. This product 
was crystallized twice from boiling petroleum ether (b.p. 30-60") to yield 
colorless needles, m.p. 150-151°, which showed no depression on admixture 
with specimens of oxylupanine prepared from lupanine or 17-hydroxylupanine. 

The infrared spectrum in carbon disulphide was superposable with the 
corresponding spectrum of the oxylupanine prepared from lupanine or 17- 
hydroxylupanine. 

Catalytic Reduction of OxyIupanine 
Oxylupanine (200 mgm.) dissolved in 2 N hydrochloric acid (15 cc.) was 

treated with hydrogen a t  26" and atmospheric pressure in the presence of 
platinum catalyst (200 mgn~. )  for 24 hr. The catalyst was removed by fil- 
tration and the filtrate extracted with methylene chloride. The acidic solution 
was made alkaline, extracted exl~austively wit11 methylene chloride, dried 
(sodium sulphate), and concentrated to yield a crystalline product, 1n.p. 83- 
8 3 .  After recrystallization from petroleum ether (b.p. 30-60") it melted a t  86O. 
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This showed no depression on admixture with authentic oxysparteine. The 
infrared spectra in carbon disulphide of the two specimens were superposable 
(10 mgrn./rnl. in carbon disulphide; 1 mm. cell) : 2930(91), 2860(78), 2760(69), 
1640(92), 1363(82), 1355(73), 1335(63), 1315(74), 1298(57), 1286(54), 1274(88), 
1260(87), 1247(50), 1233(45), 1192(71), 1185(62), 1166(56), 1150(71), 1136(69), 
1120(76), 1108(59), 1086(55), 1061 (43), 1026(37), 1115(48); 985(18), 965(35), 
932(20), 905(16), 842(25), 805(14), 769(22), 749(45), 690(15). 

IIydrastinine 

The pK of hydrastinine was found to be 11 by titration of the chloride with 
sodium hydroxide in 50% aqueous methanol. 
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SYNTHESIS AND INFRARED SPECTRA OF GUANYLUREASL 

When 1-amidino-3-nitrourea is reacted in aqueous solutions of amines, nitrous 
oxide and carbon dioxide are eliminated and guanylureas are formed, together ' 

with disubstituted ureas as by-products. The infrared absorption spectra of 
some disubstituted ureas and nitratesof goanylureas are discussed with tentative 
assignment of bands to some groups. 

INTRODUCTION 

1-Amidino-3-nitrourea (11) is prepared in good yield by nitration of di- 
cyandiamide (I)  in miked nitric-sulphuric acid: 

I :: 

, . . .  . .  . /YH N H .  
HzSO, / . :  

NC-NHC A NO?NH -CONH -C 
. . .  \ ' HNOI 

N Hz 
. ' \ '  , 

NH2 

(1) (11) 

According to its configuration, it is a mixed derivative of nitrourea and 
guanidine. As a nitrourea derivative, it is not expected to be a stable compound 
in aqueous solution. Davis and Blanchard (5) have shown that nitrourea 
decomposed into nitrous oxide, carbon dioxide, and water. 

The rate of decomposition is increased by alkalinc catalysts such as amines. 
The isocyanic acid f&med in the decomposition of nitrourea reacts with 
amines to yield substituted ureas. Moreover the substituted ureas (6) are 
transformed in aqueous solution into either a primary amine and isocyanic 
acid or an isocyanate and ammonia. 

The decomposition of I-amidino-3-nitrourea in aqueous solution is known 
to yield guanidine carbonate, nitrous oxide, and carbon dioxide according to 
the following equation : 

Since nitrous oxide is formed, this gas might come from the decomposition 
of nitramide which should be present a t  some stage of the decomposition. 
1-Amidino-3-nitrourea could therefore decompose as suggestecl by T. L. Davis 
for nitrourea according to the following equation: 

IMan~~sc7ipt  receiued October 9 ,  1953. 
Co~rlribution f rom the Departrnent of Cl~emistry  of Llze U?~iuersity of Ottazua, and the Orgn71.i~ 

Scctio?~ of Canadian Artrzattzent Research and Deuelop?ncnt Eslnbliskme?rt, 'I'alcartier, Que. 
2 GradriaLe SL~rdenL. 
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NH SH 
// 

NOlNHCONHC + NO?NH2 + 0 = C = N-C 
// 

\ \ 

This implies the formation of nitramide and guanylisocyanate (7). Nitramide 
decomposes in the normal way into water and nitrous oxide, and guanyliso- 
cyanate like alkyl isocyanate according to the following equation: 

Thus the intermediate formed, g~ianylcarbamic acid, will decarboxylate 
rapidly into guanidine and carbon dioxide. 

Since g~~anylisocyanate cannot be isolated, its presence is shown, however, 
by its reaction with amines. When aniline was boiled with l-amidino-3- 
nitrourea in the presence of water, N-phenyl-Nt-guanylurea was formed 
together with diphenylurea as  by-product (8). 

The formation of diphenylurea indicates a further transformation of N- 
substituted-Nt-guanylurea which can decompose like N-substituted ureas (6). 
Therefore the guanylurea formed can react with another mole of amine to 
yield disubstituted ureas according to the following equations: 

HN HX 
\ 

C-NHCONHR 4 
\ 

C-NH, + 0 = C = NR 
/ / 

HzN H?r\: . '  

0 = C = NR + RNH? 4 RNHCONHR. 

Several N,Nt-disubstituted ureas were prepared from 1-amidino-3-nitrourea 
as a by-product of the synthesis of guanylureas. They are shown in Table I .  

N,Nr-S~tbst i t~~ents  ( I\iI.p., "C. Ref. 
-- - 

Phenyl 
Benzyl 
o--rol I 
p-Tolyl 
p-Brornophenyl 
p-Anisyl 

In all cases disubstituted ureas were obtained. N-substituted-Nt-guanylureas 
were prepared by refluxing 1-amidino-3-nitrourea with amines in aqueous 
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solution. After removing insoluble disubstituted ureas, nitric acid was added 
and a solid came out which was the nitrate of Pi-substituted-NJ-guanylureas. 
They are listed in Table 11. All their salts are slightly soluble, the nitrate being 

TABLE I 1  
NITRATES OF N-SUBSTITUTED-N'-GUANYLUR~A 

I I 
Analysis % H N 0 3  

M.p., "C. -- I Found Calc. 

Proppl 
Amy1 
Hexyl 
Isobutyl 
Hydroxyethyl 
Phenyl* 
Benzyl 
o-Tolyl 
p-Tolyl 
p-Bromophenyl 
p-Anisyl 
>lorpholinyl 

160-162 
142-143 
148-150 
168-1611 
153-155 
212-213 decornp. 
183-184 
180-181 decomp. 
220 decomp. 
207 ?09 decomp. 
213-214 decomp. 
124-125 

30.1 
26.9 
2 5 . 2  
28 .2  
30.3 
Ref. (8) 
21.4  
25 .0  
24.7 
20.0 
23.6 
26 .9  

'Phetrylguanyllrrea was also isolated as a free base, m.p. 14S"144°C. (8). 

most insoluble. Qualitative measurements showed that their sulphate and 
hydrochloride were also slightly soluble. The nitrate of N-phenyl-NJ-guanyl- 
urea is as insoluble as nitron nitrate, but is not suitable for the estimation of 
nitrate. 

If an excess of amine is used, disubstituted ureas are the main products 
while guanylureas are formed in low yield. 1-Amidino-3-nitrourea is no more 
stable in water than nitrourea itself. The  fact that it gives off one fourth of its 
nitrogen in the DuPont Nitrometer also explains its similarity to nitrourea (5). 

INFRARED SPECTRA 

Since guanylureas are mixed compounds of urea and guanidine it was of 
interest to determine their infrared spectra in order to correlate them with 
those of guanidine and urea. 

The spectra of these compounds are reported in Tables 111 and IV. Only the 
more intense bands are reported as wave numbers (cm-I). 

TABLE 111  
IXFRAKED SPECTRA OF N,N1-DISUBSTITUTED UREAS 

I 

N,Nr-Sc~bstituents Band frequencies in 
---- 

Phenyl 
Renzyl 
o-Tolvl 
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The  infrared spectrum of urea itself is not fully explained. Although urea 
gives a strong absorption band in the keto region, it has not been possible to 
establish definitely the vibration frequency of the carbamido group. I t  was 
thought tha t  the symmetric disubstituted ureas isolated in the course of this 
work might be of value to  elucidate the spectra of urea type compounds. 

They all show a sharp and strong absorption band a t  3300 cm.-I which is 
indicative of O H  or NI-I bands. Since -OH groups in these conlpounds, which 
are formed by tautomerization, are not likely to  occur, the bands are attributed 
to unassociated NII groups. 

I tNH R K 
I II 
C = O  - C - O H  
I 

R N H  
I 

R N H  

In the double bond region, several absorption bands occur. One which is 
sharp and shows strong absorption is present a t  1620-1639 cm.-I and should 
be due to the amide group. Other bands a t  1330-1590 cm.? indicate the pre- 
sence of a phenyl ring. I t  was observed that  conlpounds such a s  diphenylurea 
and dibenzyIurea show a strong band a t  695 cm.7  whereas such a band is 
absent when the aromatic ring bears a substituent as  does N,N1-cli-p-tolylurea. 
Also worth mentioning are the bands falling a t  750 cm.-I for o-phenyl sub- 
stituted compounds and other bands a t  816,820, and 825 cm.-l whichare shown 
for p-phenyl substituted ureas. 

Gunnylz~reas 

In the case of iX-substituted-N1-guanylul-eas, strong h>drogen stretching 
vibration bands should be expected in the neighborhood of 3300 em-'. 

Like guanidine and urea nitrates which show N H  vibration bands a t  about 
3270 and 3380 cm.-I, most gi~anylureas exhibit two bands a t  nearly the same 
frequencies. Absorption bands of higher frequencies are due to  NH groups and 
the band a t  lower frequenc~es is probably associated with NII?  groups which 
can occur in the guanidine part  of the nitrate of guanylurea. 

In the double bond absorption region, several bands of different intensities 
occur which are due either to  C = 0 or C = NH. In the case of nitrates of 
alkylguanylureas, two strong bancls occur, one a t  1700-1710 cm.-l ancl the 
other a t  1620-1630 cm-I. In the disubstituted ureas, the band a t  1630-1650 
cm.-l has been tentatively attributed to  the carbonyl group of urea. On the 
basis of this observation the carbonyl band of the nitrate of alkylguanylureas 
woilld fall in  this region whereas with arylguan~,lureas the band nlould occur 
a t  slightly lower frequencies 1600-1630 cm-'. 

Between 1670-1710 c m . 7  a strong sharp band occurs with all the nitrates of 
guanylurea examined; this band would be due to the C =  NH group which is 
shown by guanidine con~pouncls a t  1670-1690 cm-'. 

The  second band in the double bone1 region showecl b>- guanicline nitrate 
and urea nitrate is due to the vibration of N = O ,  which band is present in 
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most nitrates of guanylurea whereas i t  is absent in the case of N'-phenj I-N'- 
guanylurea, which is free base. I t  falls a t  1310-1380 cm-I. 

-4 band of good intensity a t  800-825 cm.? is attr ibuted to nitrate ion; such 
a band is formed by inorganic nitrates such a s  ammonium nitrate (3). 

At  695 cm.?, the phenyl and benzyl derivatives show the band characteristic 
for monosubstituted benzene ring. Weak bands are obtained a t  890 cm.-1 with 
nitrates of alkylguanylurea which are indicative of a hydrocarbon chain on a 
nitrogen a tom; they are absent, however, with aromatic substituents. 

In conclusion, i t  can be said tha t  the  infrared absorption spectra of guan? I- 
ureas and disubstituted ureas are in conformity with their chemical structure 
although it is difficult to  distinguish C = 0 and C = N H  owing to  the man!- 
resonating structures of the  guanidine molecule a s  an  ion. 

EXPERIMENTAL 

Decomposition of 1 -Amidino-3-nitrourea in Water 
1-Amidino-3-nitrourea (7.35 gm., 0.05 mole) and water (200 ml.) mere boiled 

under reflux. Gases were evolved,-mainly carbon dioxide and nitrous oxide. 
T h e  latter was collected over a solution of sodium hydroxide. T h e  volume of 
gas collected measured 1200 ml. a t  30°C. a t  755 mm. T h e  theoretical value 
under identical conditions is 1210 ml. T h e  alkaline solution was titrated with 
standard acid using phenolphthalein as  indicator and 0.0'258 mole carbon 
dioxide was found. T h e  theoretical value is 0.025 mole. 

In the  aqueous solution, which was mainly guanidine carbonate, there was 
found 2.5 gm. of guanidine estimated as  its picrate. Guanidine was found in 
8SC& vield from 1-amidino-3-nitrouren. 

Preparation of the Nitrate of N-Substitzrted-N'-Gz~anylureas 
1-Amidino-3-nitrourea (0.034 mole) was reacted with amines (0.034 mole) 

in aqueous solution (50 ml.). T h e  solution was boiled until the  evolution of 
nitrous oxide ceased. Then it was evaporated a t  60°C. and filtered. T h e  resi- 
dues were identified a s  N,N'-disubstituted ureas. T h e  remaining solutions were 
acidified with nitric acid and yielded the nitrates of N-substituted-Kt-guanyl- 
urea which were recrystallized from water. Results are listed in Tables I and I I .  

\Vith a large excess of amines, only disubstituted ureas were formed, as was 
the case with aniline, which failed to  yield N-phenyl-N'-guanylurea. 

Estimntiorz of I-Amidino-3-nitrourea by Nitrometer 
[Tsing standard procedure to determine nitrate in a DuPont Nitromcter, 

1-amidino-3-nitrourea gave 9.50% of nitro-nitrogen. Calc. for C2H503N5:  
N, 17.6%. Found N, 17.5%. 

Infrared Spectra Measurements 
'I'he infrared spectra were taken on a Perkin Elmer Spectrophotometer 

SIodel 21R. T h e  instrument recorded the  spectrogram automatically. All the 
samples were shaken in millera1 oil into a uniform emulsion and placed between 
rock salt plates a t  a suitable thickness in order to obtain a good spectrogram. 
'rhe bands are tabulated in Table I I I  and IV in wave numbers (cm-'1. Only 
those of good intensity are  reported. 
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THE ORTHO-PARA CONVERSION OF HYDROGEN AND 
DEUTERIUM ON INHOMOGENEOUS PARAMAGNETIC SURFACES[ 

ABSTRACT 

The kinetics of the magnetic ortho-para conversion of hydrogen and deuterium 
on neodymium oxalate and heniin crystals has been determined over a wide 
temperature range in a static system. In these cases a similar type of rate curve 
is obtained: a t  high and a t  low temperatures the rate decreases with temperature, 
while in the intermediate region the rate increases with temperature. The behavior 
is explained in terms of an  energetic surface heterogeneity. In case of neodymium 
oxalate two distinctly different groups of sites appear to be active having energy 
barriers to migration of the adsorbed hydrogen a t  considerably different height. 
The conversion mechanism of the "trapped" gas is assumed to be similar t o  the 
mechanism in liquids where repeated collisions are also assumed to occur. 

INI'RODUCTION 

'I'he ortho-para conversion of hydrogen is catalyzed by molecular inhomo- 
geneous magnetic fields (6,14). This type of conversion has been observed to 
take place in the presence of paramagnetic gases, ions and molecules in solution 
(6) and when hydrogen is adsorbed on solids (1,13,7,2). The conversion on 
paramagnetic solids generally proceeds appreciably faster than on diamag- 
netic solids (13). In the latter case, when a conversion was found* it has been 
attributed to "surface paramagnetism" (I) .  

When the fraction of gas adsorbed is small, generally a negative tempera- 
ture coefficient (negative "apparent activation energy") of the conversion 
has been found. This has been explained as due to a decrease in coverage 
of the solids with temperature; the negative activation energy found was 
approximately equal to the expected heat of adsorption of hydrogen on these 
solids (I).  However, Eley (2) reported that with hemin the conversion is 
approximately temperature independent between + 185°C. and - 80°C. He 
suggested that the adsorbed hydrogen might require an activation energy 
for approaching the paramagnetic center, in this case fortuitously equal to 
the heat of adsorption. On the other hand, I,. Farkas and the present author 
(7) a t  the same time reported that with neodymium oxalate the conversion 
appears to have the normal temperature dependence above O0C., while 
below this temperature the apparent activation energy becomes strongly 
positive. 

In order to obtain more information on the nature of the activation energies 
in these two interesting cases it seemed desirable to investigate the kinetics 
of the conversion on hemin and neodymium oxalate more thoroughly than has 
been done heretofore. 

' Ma~zz~script received June  4, 1953. 
Contribution from Division of Pure Clzeinistry, Natio~zal Research Laboratories, Ottawa, 

Ca?rada. Issued as N.R.C. No. 5167. 
Present address: Laboratory for Insulation Research, Afassaclr~rsetts Institute of Techtrology, 

Cajtrbridge, Mass. 
' N o  rases are considered here i n  zvlriclr the solid ~rzay also be partly chcn~icully nctioc. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



250 C A N A D I A N  JOURNAL OF CIIEIMISTRY. I'OL. 32 

EXPERIA4ENTAL 

Hemin was prepared by the same method as used by Eley (2). The surface 
area was about 0.2 sq. meter/gm., deteimined by microscopic measurement. 
One gram of substance was used, leaving a gas volume of 2.43 cc. in the 
reaction vessel. The crystals were outgassed a t  200°C. for three hours. Neo- 
dymium dxalate hydrate "Nd I" was prepared from the same stock of nitrate 
and in the same manner as the material used in the previous paper (7), how- 
ever the crystals were not fractionated to produce a uniform size. A spectro- 
graphic analysis in the region between 3800 A and 5000 A showed no impurities 
beyond 0.3% praseodymium. Neodymium oxalate hydrate "Ncl 11" was 
prepared from a pure sample of the oxide, liindly supplied by Mr. D. S. Russel. 
His method of purification has been described elsewhere (10). The crystals 
had a surface area of 2.3 sq. meters/gm., determined by the BET method with 
nitrogen. Three grams were used in the reaction vessel, leaving a gas space of 
7.3 cc. The powder was outgassed for three hours a t  2S0C. Small U-shaped 
traps of 3 mm. diameter were placed between the reaction vessels and their 
stopcocks. They were attached closely to the reaction vessels and kept a t  the 
same temperature as the vessels; a constant temperature over practically the 
entire volume is thus assured, and the gas space can be kept small. This 
system proved entirely satisfactory in the present case although the traps 
cannot be effective above room temperature.* 

The two vessels with hemin and Nd I1 were kept together in the same 
temperature bath and the conversio~l was measured in one vessel while in the 
other vessel the hydrogen was allowed to equilibrate a t  the chosen tempera- 
ture by allowing the gas to remain in contact with the powder for Inore than 
seven times the half-life of the powder. Measuremeilts were ge~lerally made 
a t  a time near the expected half-life T, and t was evaluated assuming a first 
order law u = uo exp [ - k t ] ,  where u is the excess paraconcentration (or 
orthoconcentration for Dz) over the ecluilibrium concentration a t  the time t ,  
and uo the excess concentration a t  t = 0. In  all cases the admitted gas was 
68% parahydrogen or 83% orthodeuterium. The analysis of the ortho-para 
compositions was carried out by the Farkas micromethod (3). The points on 
the half-life versus temperature curves were measured in random seq~lence 
and each point was determined a t  least twice. The activity of the powders 
remained constant to within the error of measurement throughout the period 
of measurement. The points were reproducible to within about 4y0 for Hz 
and about 6% for Dz. 

All rates were measured a t  a pressure of 20 mm. Hg, except where stated 
otherwise. 

RESULTS 

In Fig. 1 the results for hemin with Hz and Dz are given. The measured 
half-lives a t  20 mm. pressure are plotted against temperature, for 1 g n ~ .  of 
substance and a gas volume of 2.43 cc., in the temperature range between 

*Neodytniut~c oxide, catalyzing also the Hz + D2 reaction, became rapidly poisoned under the  
same conditions. T h i s  can be considered additional evidence that n o  chemical process i s  inuoloed 
i ~ t  the present cases. 
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I I 
O -200. 

I I I I 1 I 
- I  SO. - 100. -50' 0' 50. 100. 

TEMPERATURE, 'C 

FIG. I. Observed half-lives T for hemin a t  20 mrn. pressure with H? and D?, ancl ratio 
'D~/'HI 

+150°C. and -195°C. I t  is seen that the rate of the Hz conversion changes 
very little with temperature in the high temperature region within a range of 
200°, in good agreement with Eley's findings (2); also the absolute rates are 
practically the same.* The half-life is seen to increase only little between 
-35°C. and +lOO°C. while the corresponding increase for deuterium is con- 
siderably larger. 

Vile shall express our results in terms of a constant weight of catalyst and a 
total number of gas molecules N independent of temperature. We define a 
half-life TN as the half-life for 1 gm. of catalyst and a quantity of gas equal to  
the amount present in 1 cc. a t  0°C. a t  the chosen pressure (1.18 X lo-= mole 
a t  20 mm.). 

For evaluating TN it was assumed here that  the amount of gas adsorbed 
N s  is small compared with the total amount of gas N, so tha t  N = N,,,. 
Thus 

[1I TN = T (W/  V) (T/273), 

and the rate constant kN = In ~ / T N ,  where V is the gas volun~e in cc., W the 
weight of catalyst in grams, and T the absolute temperature. This seems 
justified except perhaps for the lowest temperatures; the calculated values 
of TN in this region may be a little too high. 

In Fig. 2 the logarithm of T, is plotted against l / T  for hemin. The curves 
for Hz and Dz are of similar shape. The apparent activation energy is negative 

*On a basis of eqtial sz~rface area and gas vo l z~~ne  Ilrc. fouled half-lives agree wilhin a factor 2. 
The  n~icroscopic estimales of !he surface area of the needle shaped crystals necessarily are rather 
ttnreliablr. For rqt~al  weights and vo l z~~nes  we find, i n  both cases, T = 2 min .  gm./cc. 
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FIG. 2. Plots of log TN against 1/T for hemin. 

in the high temperature and in the low temperature region, but positive 
in the intermediate region. The high degree of constancy of the conversion 
rate a t  high temperatures in Fig. 1 is thus fortuitous; but the change of 
the rate over the entire temperature range is still relatively small. 

Fig. 3 gives the results with the new sample of neodymium oxalate Nd 11; 
here the half-lives for Dp are plotted on a 10 times smaller scale. For com- 
parison, in Fig. 4, the previous results (7) wit11 neodymii~m oxalate are 
reproduced for H2 (drawn out curve), and the curve of 1/10 T for Dz has 
been constructed from the ratios TD,/TR, previously given. The curves in 
Figs. 3 and 4 appear to  show a completely different behavior. However 
measurements made a t  25O, -80°, and - 183OC. with two samples of Nd I, 
produced from the same starting material as  the crystals used in the previous 
investigation, showed that the previously inlplicit assumptioil that T continues 
to increase with the decreasing temperature was unjustified. The  approximate 
shape of the conversioil curve a t  low temperatures is indicated by the dotted 
line in Fig. 4. On comparing Figs. 3 and 4 a t  high temperati~res, i t  is evident, 
especially from the rising ratio curve in Fig. 3 ,  tha t  also for Nd I1 the half-life 
would increase again a t  high temperatures. The measurenlents could not be 
extended here above 50°C. owing to rapidly changing activity of the catalyst 
above this temperature. 

Summing up, we see that the general shape of the rleodymium oxalate 
curves appears to be similar, though differing in detail. With all three materials 
investigated here, including hemin, we find a similar type of temperature 
dependence: a t  high and a t  low temperatures the apparent activation energjr 
is negative, while in the intermediate temperature region it is positive. 
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SA.VI)LER: C'ONl.ERSION OF HYDROGEN A N D  DEUTERIC:hI 2.53 

TEMPERATURE. 'C. 

FIG. 3. Temperature dependence at 20 mm. for Nd 11:-sN with Hp, 1/10 TN with D? and 
ratio T D , / T H , .  

I I 

-50 0 50 
TEMPERATURE, " G  

FIG. 4. Temperature variation of observed half lives for Nd I:-rH, and 1/10 T D , .  
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In Table I selected values for the apparent activation energy are given, 
together with the apparent kinetic orders n k .  n k  is defined by the equation 

(12) 
[21 n k  = [ a  iog (rate)/a log PIT. 

TABLE I 
APPARENT ACTIVATION EI~ERGIES E AND REACTION ORDERS 7~ 

--- -- 
I I I 

FIG. 5. Plots of log T against log p:  
X Hemin, -195.5"C. with D2 
0 Hemin, - 188°C. with HZ 

Nd 11, -195.5"C. with DZ 
A Nd 11, - 188°C. with HZ. 
'The vertical dotted line indicates a pressure of 20 mm. 

Catalyst 

-- -- 

Hemiii 

Ntl I1 

Nd I 

Temperature, 
"C. 

f 50 + 50 
- 120 
- 188 
- 188 
- 195 

0 
- 35 
- 80 to -195 
- 80 to -195 
- 188 
- 195 

0 to + 50 + 50 + 50 
- 80 

71k 

1 .00 

0.G4 
0.52 

1 .O 

0. G 
0.G 

1.00 

0.95 

Gas 

tl? 
D2 
Hz,D? 
Hz, D? 
H 3 

D ? 

Hz 
D, 
H2 
D ? 

H? 
D2 

H2 
H? 
Dz 

I %I. 
(const. N) 

- 1000 
- 1200 + 500 
- 800 

+3G00 
+3100 
- 1050 
- 1300 

- 3000 
-5300 
- 5900 
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As the adsorbed fraction IVs/IV has been assumed to be small, n~ can be 
calculated from the equation 

I31 n k  = 1 - [ a  log ~ / d  log p lT .  

In the high temperature regions the conversion was found coinpletely pressure 
independent between 3 mm. and 50 mm. pressure, therefore 7 t ~  = 1. The 
order rapidly decreases on the low temperature branches with decreasing tem- 
perature. In Fig. 5 a few examples of the change of log T with log p at  low 
temperatures are given. The vertical dotted line indicates the pressure of 
20 mm. 

The high ratio T ~ , / T ~ ,  found a t  high temperatures indicates that no chemical 
reaction is involved in the observed conversions. Nd I1 was contacted with 
H2 + D2 at  -37°C. (in the region of positive apparent activatioil energy) 
for a period equal to six half-lives of the parahydrogen conversion. Analysis 
by mass spectrograph showed that no HD was formed in the mixture within 
1% (cf. also (2)). 

DISCUSSION 

In the present paper the rate data have been reduced to a constant number 
of molecules in the reaction vessel. The observed activation energy is then 
strictly related (12) to the activation energy of the surface reaction Es a t  
constant coverage ("true" activation energy) by the equation 

[41 E = E " - n  k Q, 
where nk is the apparent reaction order (equation 2) as determined in the 
present experiments and Q is the isosteric heat of adsorption. 

A number of cases have been reported in which, when the fraction of gas 
adsorbed was small, the observed conversion rate decreased uniformly with 
temperature over a wide range (4,2). The values of - E  in these cases lie 
approximately between 500 and 2500 cal. and agree with the order of magni- 
tude of the heat of adsorption of hydrogen on these solids. This has generally 
been assumed to mean that the rate of the surface reaction does not vary 
considerably with temperature (ES = 0). 

As the isosteric heat Q should be positive, the positive apparent activation 
energy E ,  found in the present experiments in the intermediate temperature 
region, proves the existence of a strong temperature dependence of the surface 
reaction. From equation 4 we see that E 5 n  this region must be greater than 
n k Q .  For H2 in the case of Nd I1 a t  0°C. we find Es = 3600 + nkQ cal.; in 
case of hemin a t  - 120°C., E" 500 + n k Q  with n k  near to I ,  and Q probably 
between 500 and 2500 cal. 

This rapidly changing conversion rate in the intermediate temperature 
range might be explained as due to some resonance acting in this region and 
thus increasing the ortho-para transition probability. In view of the similarity 
of the curves found for Hz and D2, however, this possibility is practically 
excluded. A possible existence of a physical transition in the solid in this 
region would not appear to provide a satisfactory explanation, because such 
changes would be expected to take place in a much narrower temperature 
interval. 
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Neodymiunz Oxalate 

117 the previous communication (7) we assumed that the temperature 
dependence found with ru'd I a t  high temperatures (Fig. 4) is of the "normal" 
type, i.e., the change of the observed rate is essentially due to a change of 
coverage and E q s  small. The sharp decrease of the rate on lowering the 
temperature (positive E) was suggested to indicate that another process 
becomes rate determining in this region. This also seemed clearly indicated 
by the sharp decrease of the ratio rD,/rfI,. At temperatures above 0°C. this 
ratio is above 10, the value found for the conversions in presence of para- 
magnetic gases (5,9). No process other than the magnetic conversion is so 
far known that woulcl lead to such high ratios in this temperature region. 
But a t  -78°C. the ratio is only two. A similar decline to a value 4 a t  O°C. 
was found in the present experiments with Nd I1 in the intermediate tempera- 
ture region. 

I t  was originally suggested (7) that the desorption of the gas from the 
surface becomes rate determining in the region of positive E. The fact now 
found that the rate increases again when further lowering of the temperature, 
seems to contradict this explanation. This apparent contradiction can be 
removed by assuming the existence of two distinctly different sets of para- 
magnetic sites. The conversion due to one set predominates a t  high tempera- 
tures. In the intermediate temperature region then desorption from these sites 
becomes slow. This will occur when the mean adsorption life of a hydrogen 
molecule on these sites becomes greater than its mean conversion life. In the 
low temperature region the conversion is solely due to the second set of sites 
and the temperature dependence of the observed rate again shows the 
"normal" slope. Desorption from the first set of sites in this region has become 
so slow that the conversion due to these sites no longer masks the conversion 
due to the second set of sites. In this region also the ratio rD,/rH,again assumes 
high values, characteristic of the magnetic conversion (as further discussed 
below). 

If we would assume that the paramagnetic ions are all freely approachable, 
a simpIe nun~erical estimate shows (2) that  desorption from the surface could 
not become rate determining anywhere in the measured temperature interval, 
because the mean contact time with the surface would be roughly 101° times 
smaller than the mean conversion life of a molecule. This difficulty can be 
resolved by assuming that the paramagnetic centers active in the high tem- 
perature region are not freely approachable, but a high energy barrier may have 
to be overcome by a hydrogen n~olecule to  reach these centers and similarly 
also to leave them. The presence of such barriers does not necessarily slow down 
the reaction. 'The decreased chance of a molecule of reaching a paramagnetic 
site will be counteracted by an increased conversion probability due to a 
longer time of sojourn near a paramagnetic center. Each "collision" with 
these centers within the narrow cage will cause an ortho-para transition with 
a certain probability 7. Probably the value of 7 for the trapped nlolecule is 
not of a very different order of magnitude than the 7 for paramagnetic gases 
(lo-'? to 10-'3). Thus the conversion rate may be of a similar order of magnitude 
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as in case of a freely approachable ion. This seems to be the reason w h ~ -  
previous estimates based on a free collision mechanism appeared to lead to 
reasonable results. The "cage mechanism" proposed here is somewhat similar 
to the conversion mechanism in liquids where repeated collisions are also 
assumed to occur (11). The rates found in paramagnetic solutions are nearly 
equal to those found with paramagnetic gases (8). 

In a Inore quantitative manner, the state of affairs call be clescribecl as 
follows: 

The observed rate for a nonuniform surface can be written as, 

rate r = k N = C ki N;, 

where N is the total number of hydrogen molecules in the reaction vessel and 
Ni is the number adsorbed on sites of type i. In case of neodymilim oxalate 
we have essentially two types of site, "I" and "2", 1 referring to the sites 
active a t  high temperatures. In the high temperature region Nz k2  is 10" to 
lo3 times smaller than N I  kl ,  as found by extrapolating the low temperature 
branch of the rate curves to high temperatures. 

As long as the magnetic conversion itself completely determines the observed 
rate, each k i  is given by, 

where C, is the number of coordinations per llnit time with a paramagnetic 
center for a hydrogen molecule trapped near this center. I t  is of the same 
order as the vibration frequency v ,  of the hydrogen molecule in the trap. 
y ;  is the conversion probability a t  each such coordination. Then k ,  (conversion) 
= 1013 X 10-12 = 10 sec-L.* 

Equation 6 is only valid as long as the 1-ate constants tor desorption from 
any site i are large compared with the corresponding convel-sion rate constants. 
The desorption rate constants are roughly given by, 

k i  (desorption) = v i  exp [-E;/RT], 

where Ei is the energy barrier to desorption from site i. l'hus with decreasing 
temperature, when k l  N1 (desorption) becomes of the same order as k l  N1 
(conversion), a change in sign of the observed activation energy will be found. 
For Nd I (Fig. 4) this occurs a t  273OK. From equations 6 and 7 we find that 
in this temperature region y l  vl  = v l  exp [-El/RT], giving El  = 10 kcal./ 
mole as the approximate barrier to desorptioil from the high temperature 
sites. 

* il'oti! to be added i n  proof: For n two-dimensional g i~s  the rate r can hi! eslit~~lltcd from the 
cquat.ion r = ( v / d )  -,N,; here 21 i s  the velocity of the adsorbed molecrlbe.r, d i s  their nrenn pnth bu- 
(ween the parnmagnetrc sites, and N ,  i s  the total nrcnlber of adsorbed hydroge7z t~toleczrle~. Then r 
=(105/10-7)  10-12 N,. Th is  gives a n  order of magnitude for the "trrie" ratr cmzstn~lt k ,  ( = r / N , j  
qf 1 sec.-I. For a synthetic pnrcrmagnetic szrrface cunrposed of' oxyLen niolecziles adsorbed on ( L  

diamagnet.ic szrrface, the valzie d = lo-' cm. cl~osetz for the Nd srirface wolrld correspond to crbozrt 
d X oxygetr nrolecules per ~ m . ~  surface. For Illis co?lce?rtratio?z one act~mlly.finds ( L  k ,  of rlborrt 
0.5 set.-' (cf. Sandler, Y .  L. J .  Phys. Chem. 58: .56. 1954). 

W e  tenlalively asszrme that the nlodel of a co7tzpietely localized kydroge7r ((1s assrrtned above for 
the estinrale of k i )  alld of a cotiipletely nzobile hydrogen wozrld lead to the snvze ordcr of ~nagt~itzrdc 
for the conversion rate. Thr  relation r = Z k i N i  = k,.V, then leads to a .fraction adsorbed on  the 
paranragnetic site: ZNi/N,=ZIO-I. This  appears to be a recrsolznble ordcr cf ~rtc~gtzitzide cuhich 
rrt~fortzinately cannot bc checked i7zdependenlly. 
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?'his calculated figure seems larger than the maximum true activation 
energies Es in the intermediate t empe ra t~~ re  region. However, apart  from the 
approximations involved in the equations and the uncertainties in the data  
used, the maximum of E q o u n d  in the intermediate temperature range must 
be smaller because this region constitutes only a relatively narrow transition 
range between the high temperature and low temperature regions. Also, both 
the high temperature and low temperature sites may not be completely 
uniform, as  has been assumed here. 

There are thus two distinctly different groups of sites in the case of neo- 
dymium oxalate; one group requiring a high activation energy for approach, 
the other a relatively low, or no activation energy. 

In the regions in which the conversion is rate determining, these activation 
energies of migration in the surface layer are, of course, not to  be confused 
with the "true" activation energy Es. The latter quantity is derived from the 
temperature dependence of the "true" rate of the surface reaction (at  constant 
coverage). We have seen that  the height of the migration barriers may have 
little effect on the reaction rate in a region in which the rate is controlled by 
the repeated collision nlechanisnl. 

In  the case of hemin the existence of a true activation energy Es again 
indicates the requirement of an activation energy for approaching and 
ieaving the paramagnetic sites. In this case the change of E%with temperature 
is much smaller and a more or less continuous decrease of the ratio T~ , /T* ,  
with decreasing temperature was found. There is therefore no such distinct 
division into two temperature regions in which two different groups of sites 
are active a s  found for Nd. The  changing true activation energy can be 
explained by a more continuous energy distribution of sites and barriers. 

I t  is difficult to decide how far an  analogy with the much clearer case of 
Nd exists. We may, by analogy, assume that  desorption increasingly deter- 
mines the over-all reaction with decreasing temperature. However, in the 
present case the observed changes of EQre not large and a certain variation 
with temperature may always be expected with a heterogeneous surface 
due to  a changing distribution of the gas amongst different types of sites 
with temperature and coverage. 

The Hz/D2 Ratio 

A complete discussion of the behavior of the ratio TD,/T* ,  cannot be given 
owing to  the co~nplexity of this problem. 

For the conversion in presence of oxygen a t  300°K. the ratio is 10, while 
a t  83OI<. it is about 5.4 (5). This change can be explained on the basis of the 
difference in the rotational energy levels and statistical weights of H2 and Da. 
Neglecting factors which on the basis of simple classical considerations would 
be expected t o  be approximately equal for H? and D?, the temperature depen- 
dence for each isotope will be given by (9),* 

* I n  jor~itz~la (6)  of ref. .9 llte szlbscripls "rvei~" artd "odd" sho~ild be excho7~ged. 
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z Jexp [-EJIRT1 I z J exp [-e ,/l?T] 
[8] f (T)  = - - E L L  + -- . _ _ 1 c  

z ( 2 J  + 1 )  exp [-EJ/RT] I+ 1 z (2J+1)  exp [-EJ/RT] 
para ortho 

( E j  is the energy of the rotational state J ,  and I is the resultant nuclear 
angular momentu~n of H ( =  1/2) and D (= I). The para states for Hz are the 
evenIstates, for D2 the odd states.) 

o b I I I I I I I I I 
100 2 0 0  3 0 0  400 

0 

TEMPERATURE OK 

FIG. 6. T h e  funct ion f ( T )  (equation 8)  for HY and D? (dot ted lines) and the  ratio f t r , / f ~ .  
normalized t o  10 a t  300°K. (solid line). 

In Fig. 6 the function f (T)  is plotted for H2 and D2 (dotted curves). Their 
ratio, normalized to 10 a t  300°1<., is also given (solid line). At 83OI<. we obtain 
from the curve a ratio 5.65, which is in agreement with the value above for 
O2 within experimental accuracy.* 

For solid surfaces the state of affairs should be considerably inore compli- 
cated-owing to  the effect of the differences in zero-point energies and energy 
levels of Hz and Dz on a variety of other factors. However, it might be worth 
while recording a certain trend recognizable in the present measurements, 
although the detailed explanation for the behavior does not seem to  be the 
same in all cases. I t  seems that a high positive true activation energy, a t  least 
in the present cases, leads to  a depression of the H2/D2 ratio, while low, or 
even negative, true activation energies lead to a relatively high ratio. For 

*.4ccording to Kalckar and Teller (Proc. Roy. SOL. A, 160: 520. 1935.) a cotttparison qf the 
rates, as  given here, m a y  be objectio7zable owing to the difference i n  translational nro~ncnta of Hz 
and D2. It i . ~ ,  however, seen that this does ?tot lead to ser.ioz~s errors, at least as far as  the chanfie of 
the ratio bcloru 300°K. i s  concerlzed. 
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example, for Nd I a highly negative apparent activation energy E of 3000 10 
GOO0 cal. was found a t  +50°C. (Table I ,  Fig. 4).  As the heat of Van der WaaIs 
adsorption is unlikely to be as high as 5000 to 6000 cal., it follows that Es 
must be negative. The Hz/D2 ratio a t  this temperature is as high as 13.5, 
even higher than the expected value 10 found with paramagnetic gases. 
With decreasing temperature ES rapidly increases while the ratio rapidly 
decreases to low values (2 a t  -80°C.); similarly for Nd I1 (Fig. 3) in the 
corresponding region the ratio falls off to 4 (at O°C.) from some higher value. 
At low temperatures, the ratio for Nd I1 has the approximatel>. normal value 
9 a t  - 100°C. (falling off towards lower temperatures somewhat faster than 
expected). In this region indeed the true activation energy seems to be small. 
This can be seen by applying equation 4, setting E" = 0. Then E = - nl; Q, 
with an average nr; = 0.8 and E = -1050 cal. (Table I ) .  'This leads to a 
value for Q of about 1300 cal., which is a t  least a reasonable order of magnitucle 
for the heat of adsorption. 

In the case of hemin the small change of the rate throughout the entire 
temperature range indicates that E q s  high (of the order of magnitude of Q). 
Correspondingly the ratio values (Fig. 1) are low throughout with respect 
to the normal values. The ratio in this case decreases, more or less uniformly, 
from a value 7 a t  +150°C. (instead of about 10) to 1.5 a t  - 190°C. (insteacl 
of 5.6). 

The author is much indebted to Drs. J. A. hlorrison and Ti. K. Fergusson 
for stimulating discussions. A postdoctorate fellowship by the National 
Research Council is also gratefully acknowledged. 
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CARBODIIMIDES 
PART IV. THE FISSION OF N,Nt-DI-p-TOLYL-0-BENZYL AND-0-ALI,YL 

PSEUDOUREA ETHERS IN THE PRESENCE OF ACIDSL 

. IBSTRACT 
N,K'-di-p-tolyl-0-benzyl pseudourea ether has bee11 show~l to  form, in the 

presence of acids, a mixture of the corresponding benzyl ester and unchanged 
acid, di-p-tolyl urea and an isomer of the urea ether which is collcluded to be 
N-(2-benzyl-p-tolyl)-N'-p-tolyl urea. The transient coloration (to'orange red) 
of the reaction n~is ture  affords s t ro l~e  evidence for the intermediate formation of 
benzyl cations. The fission of ~ , ~ ~ d i - p - t o l ~ l - ~ - a l l ~ l  pseudourea ether follows 
a n  analogous course. 

In Part 11 I (10) of this series the preparation of a number of N,iVt-di-p-iolyl 
0-alkyl pseudourea ethers (11, R = alkyl) and their subsequent decomposition 
with mono- and di-esters of phosphoric acid (e.g. I I I to form tertiary phos- 
phates (IV) was described. 

I t  ~vas  of interest to extend this method to the preparation of benzyl esters* 
of phosphoric acid derivatives through the easily prepared N,Nt-di-p-tolyl-0- 
benzyl pseudourea ether (11, R = benzyl). The benzyl group has proved to 
be a suitable protecting group as shown by its extensive use in the synthesis 
of biologically important phosphates by Todd and collaborators (3 ,  9). I n  
this communication we report on the behavior of the above mentioned 0-benzyl 
ether in attempts to prepare benzyl phosphates. The results provide a further 
demonstration of the well-known reactivity of the benzyl group. N,Nt-di-p- 
tolyl-0-ally1 pseudourea ether was also shown to react in an analogous n1:lnner. 

The 0-benzyl and 0-ally1 ethers (11, R = benz).l and ally1 respectively) 
were prepared in q~~ant i ta t ive  yield (I+I I) as described earlier (lo),  the former 
being a highly crystalline substance. \;\Then to a benzene solution of the 
0-benzyl ether a stoicl~iometric amount of dibenzyl l~yclrogen phosphate was 

1 .lInnvscript received October 19,  1955. 
Contriblrtion from /he Cherl~islry Diwision of British Colror~bia Research Cozrltcil, f in-  

coztaer 8 ,  R.C. Presenled before the Chemistry Sectiolt of the H.C. dcadetny of Sciences al i ts  
Sevenlit A?z?rzrol Colrference held at the L't~izlersitv o f  British Colzrrrrbin on d r i l  17 and 18. 1953. * PIte?iyl dia<oiiretlta?re, an  u?tstablr a?zd*riher di'jicltltly prepared'sltbsta,tc-e, has been 
~rsed .for tire preprrralioiz of be~zzyl esters ( 2 ,  4 ) .  
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added and the solution was warmed, it began to color immediately. The  
orange red colol- which developed faded again, as a practically colorless re- 
action mixture containing a white crystalline precipitate resulted in approxi- 
mately 15 min. The same sequence of reactions was found to occur when di- 
benzyl hydrogen phosphate was replaced by diphenyl hydrogen phosphate, 
9-toluene sulphonic acid, or glacial acetic acid. Similar reactions were also 
observed in the course of a few hours when a benzene solution of the 0-benzyl 
ether and dibenzyl hydrogen phosphate was kept a t  room temperature. From - 
the reaction mixtures using dibenzyl hydrogen phosphate, 30-50% of the 
acid was recovered and some tribenzyl phosphate, the expected benzyl ester, 
could also be isolated. 'I'he benzene-insoluble neutral reaction product was a 
mixture which was separated by fractional crystallization into di-p-tolyl urea 
(m.p. 265") and a substance (m.p. 206"-207"). The latter substance was 
isolated also from the proclucts of fission of the 0-benzyl ether in the presence of 
p-toluene sulphonic acid. The yield of this substance appeared to be in direct 
proportion to the amount of the acid recovered from the reaction products. 
(If the 0-benzyl pseudourea ether (m.p. 85") was heated alone a t  160" for 
15 min., none of the transformation product (m.p. 206"-207") was formed, tlie 
starting material being recovered. Use of 10% of stoichiometric amount of 
acid was also not satisfactory in effecting the fission of the 0-benzyl ether.) 
A procedure which was found to be particularly favorable to the formation 
and isolation of the substance (m.p. 206"-207") consisted of the addition of a 
hot clilute solution of the benzyl ester to a very dilute boiling solution of 
p-toluene sulphonic acid. Analytical data  showed this substance to be an 
isomer of the 0-benzyl pseudourea ether. The fission of N,N'-di-p-tolyl-0-ally1 
pseudourea ether in the presence of acids gave similarly a substance (C18H?OON?: 
m.p. 200"-202") isomeric with tlie 0-ally1 ether. 

From the general properties of these substa~ices (CZ?H?:'ONz m.p. 206"-207", 
and C18H200N2, m.p. 200°-2020), it is concluded that they are derivatives of 
di-p-tolyl urea, carrying respectively a benzyl and an ally1 group in one of the 
two symmetrically substituted rings (e.g. VI). Infrared absorption spectra of 
di-p-tolyl urea and the "rearrangement products" which are reproduced in 
Fig. I confirn~ed these striictures for tlie latter compounds. All the three 
compounds have a strong absorption band around 3290 cm. (3.2 r )  character- 
istic of N-H stretching. The absorption bands in the region (1700-1520-' cm.), 
where bands characteristic of NHCONH grouping are known to occur (13), 
as found in urea, and related urea derivatives including the above mentioned 
substa~lces (Fig. I,), are listed in Table I. The bands a t  6.12 and 6.4 11 in 
di-p-tolyl urea, a t  6.12 and 6.47 p in the substance CaH220N?, and a t  6.11 
and (i.41 p in the substance C18H200N2 call clearly be ascribed to -NHCONH- 
grouping in all these compounds. The common band a t  6.27 p may also be 
due to the same grouping although weak bands in this region have been 
ascribed to phenyl group vibration (12, 13). The extra band in the substance 
(C18H200Nz, allyl-di-p-tolyl urea) a t  6.21 p is obviously clue to -CH = CH? 
stretching (12, 13), a similar band being present in the infrared:spectria of 
compounds containing all!.l grouping (13, p. 110; 15). The absorptions in tlie 
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KHORANA : CARBODIIMIDES. PART I V  

FIG. 1. Infrared spectra of (1) N,N1-di-p-tolyl urea; (2) CISH?OON?, rn.p., 200-202" ; 
(3) C??H??ON?, m.p., 20&20i0. The spectra were taken in a Perkin-Elmer double beam spec- 
trophotometer Model 21B, using nujol paste. 

TABLE I 
I 

I Substance 

S-diethyl- S-dicyclo- S-di-p-tolyl / Urea I urea heryl urea I urea C??H?IOK, C,aH,oON? 

most sensitive, "the finger print," region (below 1350 cm.-l), which are mainly 
due to skeletal vibrations (8) (di- and tri-substituted benzene nuclei; see for 
example (12)), are  not discussed here but would appear to  support the assigned 
structures. 

The forrnation of the  reaction proclucts discussed above points collectively 
to the  following mode of decomposition of, for example, the benzyl ether. T h e  
first step is the forrnation of the  cations of the  type V in the presence of acids. 
Whereas the fission of such cations derived from other alkyl pseudourea 
ethers (10) was bimolecular,* involving nucleophilic a t tack of an acid anion 

---- 

I.R. 
.absorption 

Reference 

* r l l thoz~gh n o  qtta?ztitalive slttdies were made, increased rate o f  reaction ?eras observed .iotllr 
i?~creasrd concentralion of the retrclants. 

P 

5.92 
6.12 
6.21 

(13, p. 169) 

P 

6.18 
6.29 

(13, p. 170) 

CII~.- '  p 

1629 6.14 
1575 6.35 
1537 6.51 

(7) 

cm.-' p 
- ---- 

1635 6.12 
1595 6.27 
1.563 6 . 4  

cm.-I p 

1635 6.12 
1595 6.27 
1545 6.47 

cni.-I p 
-- 

1637 6.11 
1611 6.21 
1595 6.27 
1560 6.41 
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on the alkyl group, the cation V itself is ~~ns t ab l e  and decomposes unimolec~,- 
larly t-o form the colored benzyl cations.* 

C H K c H s  
VI V i  I etc. 

The latter on combination with the acid anions would form the benzyl 
ester, e.g. VII.  Alternatively, they could attack the aromatic nuclei of di-p- 
tolyl urea to form VI. As the reaction was carrieti out in benzene, diphenyl- 
methane would also be expected to be f0:med.t Although traces of this sub- 
stance might have escaped detection it was not formed in any appreciable 
amount. This could be explained by assuming high reactivity of the aromatic 
11uclei of cli-p-tolyl urea compared with the weakly nucleophilic benzene 
molecules. This, however, might also be regarded as evidence in favor of an 
intran~olecular rearrange1nent1 of V, via a six-~nen~bered ring transition 
complex, to V1. Further work involving fission of V in the presence of a re- 
active substance (from the point of view of electrophilic attack b!, benzyl 
cations), for example, phenol, is necessary to decide finally in favor of one of 
the two possible ~nechanisms discussed above. 

I t  remains to con~~nen t  on the point of attachment of the benz).l or allyl 
group to one of the benzene rings in the final con~pounds (e.g. VI ) .  Intra- 
molecular cyclization as discussed above would of course form the ortho 
substituted (to the KHCO--- grouping) ureas. If free benzyl and allyl cations 

* The  inlerrnediale fornzalion of colored benzyl ions zuas poslzrlalrd by  Roberts and Hnnz- 
rrwll (14) i n  kinetic studies on betzsyl lzalides and ?nore rece71lly (6) i n  some debenzylallorr reactio?zs. 
Tlrr present work affords strong etridence for the forn~al ion of the colored calio?zs. 

t For reaclio?rs of organic cations and fission of benzyl elhers see Rpf. 5 .  
f This  mecha?zis~l was  favored by  Dr.  Slreilvieser of llze Dcparlrnen! of Cher~iislry, U n i -  

z~rrsily of California, Berkeley, dnring n senrinar given by  lhr (zz11lzor i n  the above drparlnrenl o n  
"Che.mislry o f  carbodiimides". W e  are indebted lo Dr. Slreilwieser and Dr. ,Voyce for a discr~ssion 
on the u~ork described hrrr. 
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were formed, their attack on the aromatic nuclei of di-p-toll-1 urex woultJ also 
be expected to give the same (ortho-substituted) products. Although no direct 
studies on nucleophilic substitutions in such systems appear to have been 
made there is abundant evidence on orienting effects (supporting subst i t~~tion 
ortho to the NH-COCHn group) in p-acyl toluidines (see for example Ref. 1, 
p. 244, and the references cited there). 

EXPERIMENT,%L 

Preparation of N,N'-di-p-tolyl-0-benzyl Pseudourea Ether 

SodiumX (ca. 40 mgm.) was dissolved in anhydrous benzyl alcohol (2.4 cc-., 
0.023 moles). Anhydrous dioxane (10 cc.) was added to the clear solution, 
follon~ed by the addition of di-p-tolyl carbodiimide (4.44 gnl.; 0.02 moles). 
The mixture which became warm was allowed to stand for 15 min., then 
diluted, largely with ether, and the ethereal solution extracted thrice with 
water. Removal of ether from the dried solution gave a viscous oil which soon 
crystallized. This product was recrystallized from petroleum ether (b .p  30"- 
60") a t  0" C. Yield of the first crop 5.35 gm., 81yo; m.p. 84"-85", no change on 
further crystallization. Mother liquor after concentration gave a second small 
crop of the same substance. For analysist a sample was recrystallized from 
petroleum ether (b.p. 30"-60"). Found: C,  79.64, 79.57; H,  6.77, 6.68; N,  
8.67%. C2?H2?ON2 requires C, 80.0; H ,  6.7; N, 8.5%. 

N,N1-di-p-tolyl-0-ally1 Pseudozcrea Ether 
Sodiunl (40 mgm.) was dissolved in anhydrous ally1 alcoholS (10 cc.) and 

an ethereal solution (10 cc.) of di-p-tolyl carbodii~nide (4.45 gm.; 0.02 moles) 
was added with exclusion of moisture. After 15 min., the 0-ally1 pseudourea 
ether was isolated as described for the 0-benzyl compound. Thus obtained, 
it was a viscous oil (5.6 gm.; 97V0) which distilled at 135"-140" (air bath 
temperature) a t  2 mm. Found: C,  77.16; H, 7.1; N, 10.lYo. ClsH?oON, 
requires C, 77.1 ; H, 7.2; N ,  10.Oyo. 

Fission of N,N1-di-p-tolyl-0-benzyl Pseudourea Ether in  the Presefzce of Acids 
Using Dibenzyl Hydrogen Phosphate 

( a )  Dibenzyl hydrogen phosphate (1.4 gm.; 0.005 moles) and N,N1-di-fi- 
tolyl-0-benzyl pseudourea ether (1.65 gm.; 0.005 mole) were dissolved in 
benzene (15 cc.). The solution, practically colorless a t  first, developed on 
heating yellow, orange, and finally orange red color. On being refluxed for 
15 min., the solution lost color and a white precipitate separated. 

After being kept overnight the mixture was filtered and the precipitate 
washed twice with small amounts of benzene. Yield 0.75 gm., melting point 
unsharp, 195"-200" with previous shrinkage (m.p. of pure di-p-tolyl urea, 
265"). The combined filtrate and the washings were extracted thrice with 
sodium bicarbonate solution. The bicarbonate extracts were acidified with 

* A s  obscrued earlier (10) sodiuiiz corrld no1 br replaced by  Lrielhylairtine as  a calalysl iir 
this reaclion. 

t Annlysrs  zuere carried ozrl by Mr. W. 11faitser of Zrrrich, Swilzerla?td. 
f Ally1 alcohol was  rrjlzrxed outr calciurtt oxide and dislilled. I t  ~ u a s  llten rcflrcxed i n  preseiiic, 

of sodilrnt and  dzallylphthalate and d i s l i l l ~ d .  
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1~ydrochloric.acid and extracted exhaustively with ether. 'The dried ethereal 
extracts afforded, on evaporation and prolonged suction, 0.71 gnl, of.dibenzq-1 
hylrogen phosphate (m.p. and mixed m.p. 79"-80"). The benzene solill 
tion was dried over anhydrous sodium sulphate and evaporated to a sirup, 
which was dissolved in a few cubic centimeters of 95% ethyl alcohol. The 
solicl which separated was removed (0.202 gm. ; n1.p. after recrystallization from 
alcohol, 195"-205"). The  mother liquor was concentrated to an oil which was 
extracted repeatedly with hot petroleum ether (b.p. 30"-60"). The extracts 
deposited first an oil and then 011 prolonged standing cl~rsters of fine needles. 
These were collected and washed with chilled ether - petroleum ether mixture, 
n1.p. 64'-65", which is identical with that  reported for tribenzyl, phosphate* 
(p 260 in Ref. 11). 

(b)  At Room Temperature 

,A solution of the 0-benzyl ether (3.3 gm.; 0.01 mole) and dibenzyl hydrogen 
phosphate (2.78 gm. ; 0.01 mole) in 30 cc. of benzene was kept a t  room tempera-. 
ture. The color changes (orange + orange red + orange + light yellow) were 
slower. After approximately two hours the color began to  lighten and a solid 
separated. The  practically colorless solution was worked up after three hours 
as described under (a) above. Yield of dibenzyl hydrogen phosphate recovered 
1.12 gm. (40%). The insoluble solid material (1.84 gm.) collected in two crops 
from the benzene solution had an unsharp melting point, 190" to 220". Frac- 
tional crj~stallization from ethyl alcohol gave a sample ~nelting a t  235"-240". 

(c) Isolation of the "Rearrangement Product" Using $-Toluene Sulpltonic 
Acid i n  High Dilution. 

To  a boiling anhydrous benzene solutiont (120 cc.) of p-toluene sulpl~onic 
acid (0.95 gm.; 5 mM.) was added with agitation a benzene solution (10 cc.) 
of the benzyl ether (1.65 gm.; 5 mM.). A very transient orange color developed 
immediately. The  final (after 10 min.) colorless benzene solution was concen- 
trated to ca. 30 cc. and kept a t  room temperature for 40 hr. The crystalline 
deposit (0.5 gm.; m.p. 230"-250") was removed and the mother liquor was 
concentrated to an oil which was dissolved in alcohol (5 cc.). The  solid which 
separated was collected and washed with a fresh portion of alcohol. After - 
recrystallization from aqueous ethyl alcohol (90%) the material (380 mgm.) 
had a melting point of 205-206". Further recrystallization from alcohol with- 
out appreciable loss gave a sample with constant melting point 206"-207". 
Found on a twice crystallized sample, C, 79.8; H ,  6.8; N, 8.4; C22H?20N2 
requires C ,  80.0; H ,  6.7; N,  8.5%. 

((1) Attempted Degradation Using Catalytic Amounts of Dibenzyl Hydrogen 
Phosphate 

A benzene solution (10 cc.) of the 0-benzyl pseudourea ether (1.65 gm.; 
5 mM.) and dibenzyl hydrogen phosphate (0.14 gm.; 0.5 mM.) was brought 
to the boiling point; a t  this temperature i t  developed a persistent yellow color 

* Dr. R. H. Hall (privale comtnu?~icatiox) cot~jirmcd this tnelting point of tlie substance 
t Prrpared by  aeeotropic removal of water. 
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and cleposited a solid after approximately fifteen minutes. After being retluxed 
for eight and one-half hours the yellow reaction mixture was allowed to stand 
a t  room temperature overnight. The  collected precipitate (244 mgm.) had 
a melting point of 190"-200". The  light yellow mother l i q ~ ~ o r  was evaporated 
ancl the residual oil taken up in 15 cc. of ethyl alcohol. On the addition of a 
few drops of water, an  oil separated which soon crystallized; the melting 
point of the crystals was 82"-83", undepressed on admixture with the 0-benzyl 
pseudourea ether. Recovery, 0.85 gin. (Sly0). 

Stability of N,Nf-di-p-tolyl-0-benzyl Psez~dourea Ether to Heat 

The ether (0.2 gm.) was heated in an oil bath a t  160" for 15'min. when the 
colorless melt developed light yellow color. After being allowed to cool to  
room temperature, the solid was crystallized from ethyl alcohol. Melting 
point 85", undepressed on admixture with the starting material. 

I.solation of the "Rearran.genzent Product" of N,Nf-di-fi-tolyl-0-ally1 Pseudoz~rea 
Ether 

A hot benzene solution (5 cc.) of the 0-ally1 ether (14 gm.; 5 mNI.) was 
added t o  an anhydrous benzene solution (150 cc.) of p-toluene sulphonic acid 
(0.95 gm.; 5 mM.). The solid (0.65 gm.; n~ost ly  di-fi-tolyl urea), which sepa- 
rated on concentration of the benzene solution to approximately 50 cc., was 
reinoved and the clear filtrate was evaporated i n  vacuo to an oil. H solution 
of the residual oil in ethyl alcohol (8 cc.) containing a small amount of water 
gave, on standing, a crop of crystals (0.25 gm.; m.p. 230"-240" after shrinkage 
a t  195"). Fractional crystallization from ethyl alcohol gave a crop (100 mgm.) 
with 1n.p. 195"-198". One more crystallization of this material froin 90% 
ethyl alcohol gave rosettes of fine needles, m.p. 200"-202". Found: C ,  77.1; 
H ,  7.2; N,  10.170; ClsHzoON~ requires C ,  77.1; H ,  7.2; N, 10.Oyo. 
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ANNOTININE: THE REACTIONS OF THE CYCLIC 
ETHER FUNCTION1 

BY H. I,. ;\,IEIER?, P. D. MEISTEK~,  AND I,&o M.-\NOS 

A B S T R A C T  
-, I reatment of annotinine chlorohydri~i with chromous chloride has been f o ~ l n d  

to produce not only the already reported unsat~rrated lactnne A (C16HII02N),  
b u t  also a second unsaturated lactone B (CI~H?I(?~)O&),  and  a hydroxylactone 
(C16H2303N). Under the action of a concentrated solution of the  same reagent 
the  hydroxylactone is converted to the unsaturated lactone B. On hydrogenation 
the Iatter gives a dihydrolactone B which seems to contain a'secondary amino 
group. Annotinine hydrate on  treatment with thionyl chloride gives a n  un- 
saturated chlorolactone (ClsH.oO?NCI) which can be hydrogenated and  subse- 
quently dechlorinated to produce a third lactone C,  different from either of 
dihydrolactones A or B,  but  which like the lat ter  seems t o  contain a n  imino group. 
Oxidation of annotinine hydrate with chromic acid produces a hpdrosyketone 
which can be converted into a n  osime and ,  therefore, one of the  hydroxyls of the 
hydrate is secondary while the  other  is probably tertiary. On the other hand,  
oxidation of annotinine with potassii~rn permanganate gives rise to a lactam 
which by  the  Clemniensen reduction is converted t o  a rnist~rre of lactam chloro- 
hydrin a n d  dihydrolactone .\. 

In a previous study ( 5 )  it has been shown that the three oxygens of an- 
notinine (C16H2103N), the major alkaloid of Lycopodium annotinurn L. (41, 
are present in a lactone structure and in a cyclic ether. Further support for 
the presence of a lactone has also beell found in the occurrence of a strong 
absorption peak a t  1776 cm.-I in the infrared spectrum of the alkaloid ( G ) ,  
and the position of this peak is characteristic of five-membered lactones. The  
cyclic ether is cleaved by halogen acids to  form halohydrins, and also by the 
action of alcoholic potassium hydroxide to give annotinine hydrate (C16H2304N) 
(5). Since annotinine could not be hydrogenated catalytically and annotinine 
had been found to  be inert towards periodic acid, the ether oxjrgen was assumed 
to be part of a five- or six-membered ring (5). Recently MacLean and Prime (3) 
suggested that  the ether was an epoxide notwithstanding the failure of an- 
notinine hydrate (which would then be a 1 : 2 diol) to react with periodic acid. 
They also pointed o i t  that the product of the oxidation of annotinine with 
potassium permanganate was not a base, as  mentioned by Manske and 
NIarion (5), but a neutral lactam, and because of the influence of the lactamic 
carbonyl on the ether, assigned to this carbonyl a position between the nitrogen 
and the ether ring. The present study was undertaken to gain further insight 
into the nature of the functional groups of annotinine. In the course of this 
work most of the clegradation reactions described so far have been reinvesti- 
gated. 

The  product of the oxidation of annotinine with potassium permanganate 
contained two hydrogens less and one oxygen inore than t h e  base itself. I t  
was neutral and its infrared absorption spectrum contained besides the usual 

i'lfa?anzrscript received Decentber 9. 1965. 
Co?~tribulion from t h ~  D.iziSiov~ o f  Plrre Cl1einislry, rVntiotrpl Rcsec~rrh Colincil, Otta~ocr. 

Cavrada. Isilred n s  iV. I?. C. iVo. 31 79. 
lVatio?tal Research Corrnril of CannrIn Postdoclorate Fellow (1k50-53). 

3 National Research Cozr7rril of Canadz Posldoctorate Fellow (19./tR-60). Present address: 
Resecanrclr Labornlories, Tlrc L7kinho Compn n y ,  Rnlnn7nroo, Aficllignn. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



lactone band (1763 c~n.-I) a new strong peak a t  1640 cnl.-l which is character- 
istic of a -CO.N< group present in a six-membered ring. Hence, as alreacly 
observed by RlIacLean and Prime (3) the oxidation product is not a base (5) 
but a lactain, and it follows that annotinine must contain a methylene group 
next to the nitrogen. The further observation of MacLean and Prime (3) that 
boiling hydrochloric acicl converted annotinine lactam into a lactam chloro- 
hydrin ( C I ~ H ~ O O ~ N C ~ )  arising from the cleavage of this cyclic ether has also 
been confirmed. The infrared spectrum of this chlorohydrin contained, besides 
the absorption bands attributable to the lactone carbonyl (1760 cn~.-') and 
the lactam carbonyl (1624 cm.-I), a sharp peak a t  3330 cm.-' indicative of 
the presence of a hyclrox~.l group. This lactam chlorohydrin could also be 
obtained, although in small yield only, by the oxidation of annotinine chloro- 
hydrin. 

I t  has been reported previously that the Clemmensen reduction of annotinine 
lactam gives rise to  a base CI~HZ~OZN,  also obtainable via a different route (5). 
This work has been repeated and the formation of the base (dihydrolactone A) 
confirmed although a second product was also found which was identical with 
the lactam chlorohydrin described above. Dihydrolactone A no longer con- 
tained the ether oxygen nor the lactam carbonyl which had been reduced 
back to a methylene, although it still contained the lactone ring (its character- 
istic absorption in the infrared was in the usual position). The formation of 
the chlorohydrin is to be expected, but the reduction of the amide group under 
these conditions can be understood only if a strong activation of the lactam 
carbonyl by the close proximity of one of the other functional groups is 
assumed. In contrast, as already reported (5) annotinine when kept for two 
hours under the conditions of the Clemrnensen reduction was only affected 
by the hydrochloric acid and converted to a chlorohydrin. It  has now been 
found that only if  the reaction was prolonged for 10 hours did it go further 
and give rise to unsaturated lactone A and hydroxylactone (see Fig. 1). 
Hence, as well as the lactam carbonj.1 having an increased reactivity, as 
shown by the results of the Clemmensen reduction, it also enhances the re- 
activity of the cyclic ether. 

Annotinine chlorohydrin is known to react with cl~romous chloride to 
produce an unsaturated lactone (5). On reinvestigation this reaction proved 
to be more complex. The reaction did not only produce the lactone already 
reported (now designated unsaturated lactone A), but depending particularly 
on the solvent used and also on the concentration of hydrochloric acid, various 
other as well. Treatment of an~loti~line chlorohydrin hydrochloride 
with an alcoholic solution of chromous chloride and l~ydrochloric acid yielded 
a of products which by chromatography was separated into the un- 
saturated lactone A, C16H21O?N, 111.p. 132O, amo~lnting to about two-thirds of 
the poduct ,  and a hydroxylactone, C16H2303NI m.p. 174" (about one-third). 
But  when annotinine chlorohydrin was treated with an aqueous solutionof 
chro~nous chloride and hydrochloric acid the product consisted of hyclro- 
xylactone (34.6y0), unsaturated lactone A (33.2%), and an unsaturated 
lactone B (3.8y0) apparently isomeric with A but possibly containing two 
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C16H2302 
LACTONE "C" 

C16H2202 NC1 

DIHYDROCHLOROLACTONE 

C I ~ ~ Z O ~ Z  NC1 C ~ 6 H 2 ~ 0 4  N 1  
C16H2004 N C I  C 1 6 H ~ 3 0 2 N  CHLOROLACTONE O X l M E  IDIHYDRO z n . ~ g  HCI LACTONE*~A. t 

HYDROXYKETONE 

CHLOROHYDR I N  

'ONG ' 
4 ( ~ .  

I I 

4 
Cad'z10zN 

4 
C~HZIO,N CISHZIOZ N C ~ 6 H z 1 0 z  N C t ~ H z x " 3 N  

UNS.  LACTONE"A" HYDROXYLACTONE U N S . L A C T O N E . 8 "  UNS. LACTONE'*" HYDROXYLACTONC 

COCI. 
CONC. CrCIZ CHLORO CPD 

I 
CISHZ,OZN 

DlHYDRO LACTONE "A" 
C16H2Z.o~ N 

H z  C ~ ~ H L ~ O ~  N 
DIHYDRO LACTONE *8* - UNS. LACTONE.8" 

more hydrogens. There was also left an uncrystallized residue still to be 
examined. The hydroxylactone is the compound that one would expect to 
obtain from the action of a dehalogenating agent such as chromous chloride 
on annotinine chlorohydrin. The formation of unsaturated lactone B can be 
considered as a secondary reaction. This view seemed justified since the hydro- 
xylactone on treatment with a dilute aqueous acid solution of chromous 
chloride remained unchanged whereas on refluxing in a more concentrated 
solution of the reagent it was transfor~ned into the unsaturated lactone B in 
good yield. None of the unsaturated lactone A was obtained frorn the hydro- 
xylactone and it can be concluded that  unsaturated lactone A must have 
arisen from the chlorohydrin directly by a different mechanism of dehalo- 
genation and dehydration. 

With the idea of gaining more information on this point many attempts 
were made to dehydrate annotinine chlorohydrin and also to obtain the 
hydroxylactone directly from it  by catalytic removal of chlorine, but all 
proved fruitless. Negative results were also obtained in the attempted catalytic 
hydrogenation of the corresponding bromohydrin and iodohydrin. In contrast, 
MacLean and Prime (3) have reported that lactam chlorohydrin is converted 
by catalytic hydrogenation over Adarns' catalyst to a hydroxy conlpound 
C16H2104N and to a compound C16H2103N. The latter is reduced in small yield 
by the Cleinmensen reaction to the dihydrolactone A (3) and is probably 
the corresponding lactam. In this product the ether is no longer present and 
has been replaced by hydrogen, but the lactamic carbonyl is still affected by 
the proximity of an activating group since it  is still reduced, albeit in poor 
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yield, in the Clemmensen reaction. The only activating group left in this 
compound is the lactone. 

The hydroxyl group in annotinine chlorohydrin and in the hydroxylactone 
were then studied. Both resisted oxidation with chromic acid; neither gave 
an  acetyl derivative. Thionyl chloride did not react with the chlorohydrin 
even under drastic conditions, nor did phosphorus halides although treatment 
with phosphorus peiltachloride resinified some of the starting material. 
Boiling thionyl chloride converted the hydroxylactone into an intractable 
product. When, however, the hydroxylactone was left in coiltact with thionyl 
chloride a t  room temperature for a few minutes only, and a r e  was taken to 
avoid heat in working up the mixture, a yellow oil was obtained which after 
chromatography on alumina was colorless. The Beilstein test showed that i t  
contained chlorine. I t  decomposed if dissolved in ally solvent or on heating. 
On treatment with a dilute solution of chromous chloride (which would not 
have affected the hydroxylactone) it gave rise to the unsaturated lactone B. 
The presence of the chlorine in the chlorohydrin therefore appears to stabilize 
the hydroxyl group. Unsaturated lactone B proved to be q ~ ~ i t e  different from 
unsaturated lactone A. Whereas on catalytic hydrogenation the latter yielded 
a clihydro derivative having the expected properties, the former gave a product, 
dihydrolactone B, the infrared absorption spectrum of which contained a 
sharp absorption band a t  3325 cm.-' in the NH region. The presence of an 
imino group, however, has not yet been confirmed chemically. 

A survey of the infrared absorption spectra of annotinine and its derivatives 
shows that in some of them the absorption band of the lactone carbonyl is 
slightly shifted towards lower frequencies. This shift is particularly noticeable 
in the spectra of unsaturated lactone B, of its hydrogenation product, and of 
annotinine chlorohydrin. This could be attributed to  a structural change near 
the lactone carbonyl, or to a possible relactonization with a different hydroxyl 
group than the original. The fact that these three compounds are prepared 
under acid conditions that are not likely to cause hydrolysis of the lactone 
seems to favor the first of these alternatives. To  gain information on this 
point annotinine hydrate was prepared again and reinvestigated. This hydrate 
is the product of the action on annotinine of alcoholic potash which also 
hydrolyzes the lactone ring. Hence the chances of relactonization with one 
of the new hydroxyls arising from the hydrolytic cleavage of the cyclic ether 
seemed considerable. The reaction yielded only one product and the infrared 
absorption spectrum of the pure annotinine hydrate contained the lactone 
carbonyl band in the same position that i t  occupied in the spectrum of an- 
notinine. I t  is difficult to draw a definite conclusion from this result, since, 
should relactonization have occurred exclusively with a different hydroxyl 
with formation again of a five-membered lactone, the carbonyl frequency in 
the infrared would probably have remained unchanged. 

Annotinine hydrate was converted by chromic acid oxidation into a new 
compound C16H%104N. The infrared absorption spectrum of this product 
contained besides the usual lactone carbonyl absorption band a t  1779 cm.-l a 
band a t  1714 cm.-I indicating a new carbonyl group and a peak a t  339.0 cm.-1 
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in the h)fdrox).l region. The product was therefore a hydroxyltetone and 
showed that of the two hydroxyls in annotinine hydrate one was certainly 
secondary and the seconcl probably tertiar).. The presence of the keto group 
in this product was confirmed by the preparation of an oxime. Attempts to 
reconvert the new carbonyl function to a secondary alcohol by h\.drogenation 
over a platinum catalyst failed. 

Annotinine hydrate reacted with phosphorus halides to give  ini identifiable 
resins, but by the action of thionyl chloride a t  room temperature it was con- 
verted into an unsaturated chlorolactone, C16Hzo02NC1, in which one of the 
hydroxyls had been replaced by chlorine while the other had been eliminated 
with formation of a double bond. This chlorolactone took up one mole of 
hydrogen when reduced catalytically and produced a dihydrochlorolactone 
which on treatment with chron~ous chloride was coilverted to a dihydro- 
lactone C which like dihydrolactone B has an infrared absorption spectrum 
containing an absorption band a t  3355 an.-I indicative of an imino group. 

The hydrogenolysis of chlorine and the hydroxyl in the catalytic Ilydro- 
genation of the lactain chlorohydrin described by MacLean and Prime (3) is 
the main evidence for the presence of an epoxide next to a - CH2-N < group 
in annotinine. The failure of annotinine hydrate to undergo oxidation with 
periodic acid illilitates against such a structure although, admittedly, a few 
a-glycols are known to be inert towards this reagent (1,2,7). The other re- 
actions described above could possibly be accon~n~odated by an epoxide, 
although the in~possibility so far of reforming the epoxide from the chloro- 
hydrin except in the lactain would be difficult to account for. It  is probable 
that the reactions described could also be accoininodated by a 1,3-oxide. 
The cleavage of the ether by lithium aluminum hydride (see followiilg paper) 
seems to preclude a 1,4- or 1,5-oxide in a completely saturated molecule. T h e  
present state of our ltnowledge does not make it possible yet to state definitely 
what type of cyclic ether is present in the base. 

EXPERIMENTAL 

All melting points are corrected. All solvents were p~irified before use. The  
aluminum oxide (Merck) used for chromatographic separations was washed 
with hot dilute hydrochloric acid, then with distilled water (at least fifteen 
times). I t  was then dried, activated to grade 0, and subsequently deactivated 
to  grades I ,  11, I I I ,  and IV according to the Brockmanil scale. If not otherwise 
stated the column was made up in benzene; its length was 8-10 times its 
diameter. Usually the weight of aluminum oxide employed was 30 times that 
of the substance. The substance was repeatedly 1-aken up in benzene and the 
solvent evaporated to remove the last traces of other solvents before the final 
concentrated solution was brought on to the column. The fractions drawn 
were of 50 ml. and the solvent was removed by distillation under reduced 
pressure. 

Most of the derivatives obtained could be sublimed and this operation was 
carried out in vacuo (10-"nm. Hg) in glass tubes mounted in an electrically 
heated blockat a temperature of 20-30" below the melting point of each sample. 
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When not otherwise specified the infrared absorption measurements were 
made on nujol mulls with a Perkin-Elmer double beam instrument, model 21, 
with a sodium chloride prism. The  other measurements were made on a 
Perkin-Elmer single beam instrument, model 12B, using a cl~loroform solution 
and a calcium fluoride prism. The  frequencies, given in wave numbers, are 
followed by a number in brackets indicating the percentage absorption. 

Annotinine Lactam 
As described previously (5) annotinine (1 gm.) was oxidized in aqueous 

solution with potassium permanganate. The  product (380 mgm., m.p. 234') 
was neutral and showed in its infrared spectrunl a band a t  1768 cm.-I (85) 
cl~aracteristic of the lactone carbonyl and a new band a t  1640 c~n.-' (91) 
attributable to a lactam carbonyl. In admixture with the product previously 
obtained (Cl6Hl9O4N) (5) the melting point was unchanged. 

Action of Hydrochloric Acid on Annotinine Lactam (Chlorolzydrin Lactam) 

Annotinine lactam (100 mgm.) was heated on the steam bath for two hours 
with 1: 1 hydrochloric acid (10 ml.). The cooled solution was extracted with 
chloroform and the extract on evaporation left a crystalline residue which 
could be recrystallized from methanol, 103 mgm., m.p. 295'. The  sample was 
sublimed for analysis. Calc. for C1GH,o04NCI: C, 58.98; H ,  6.19; N,  4.30; 
C1, 10.88. Found: C, 58.84; H ,  6.32; N ,  4.19; C1, 10.51%. The  infrared ab- 
sorption spectrum showed a strong band (3330 cm.-I (86)) in the OH region 
and bands a t  1760 cm.-l (92) and 1624 cm.-l (98) indicative of the lactone 
and lactam carbonyls, respectively. 

Clemmensen Reduction of Annotinine Lactam 
Annotinine lactam (200 mgm.) was refluxed for six hours with an  excess of 

amalgamated zinc in 30 ml. of 10yo l~ydrochloric acid. The  compound dis- 
solved fairly quickly. The  cooled acidic solution was extracted with cl~loro- 
form, and the extract on evaporation left a crystalline residue (65 mgm.) 
which after recrystallization from methanol melted a t  295" either alone or in 
admixture with annotinine chlorohydrin lactam. The  acidic aqueous liquor 
was then alkalized with ammonia and extracted with cl~loroform. 011 evapo- 
ration the extract yielded 110 mgm. of a compound that  crystallized slowly. 
I t  was partly soluble in benzene. On cl~romatographic purification it yielded 
66 nlgm. of a compound eluted with benzene which crystallized when seeded 
with s a t ~ ~ r a t e d  lactone A (see below). After recrystallization from heptane i t  
melted a t  108-110° either alone or in adrnixture with saturated lactone A. 
Both compounds had superimposable infrared absorption spectra, wit11 a 
strong carbonyl band a t  1768 cm.-l (84). 

Annotinine Hydrate 

Annotinine (1 gnl.) was dissolved in absolute ethanol (30 ml.) and potassium 
hydroxide (1 gm.) was added to the solution. The  resulting solution was re- 
fluxed for three hours on the steam bath, water was added, and the liquor 
evaporated to half volume. Water was again added up to the original volume 
and the solution again evaporated. This was repeated until the last traces had 
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been removed. The cooled solution was acidified with sulphuric acid, heated 
for one hour on the steam bath, and left overnight a t  room temperature. The 
solution was cooled, alkalizecl with ammonia, and extracted with chloroform. 
Evaporation of the extract yielded 400 mgm. of a crystalline residue which 
was chromatographed on alumina No. I11 and eluted with acetone. Annotinine 
hydrate thus purified melted a t  228'. Its infrared spectrum in a mull showed 
only one OH absorption peak (3500 cm.-I) (73) and a carbonyl band a t  
1762 cnl.-' (91), whereas in chloroform solution two peaks werc present in 
the OH region, a sharp one (3625 cm.-I) and a broad bonded one (3465cm.-I) 
besides the carbonyl absorption. I t  contained two active hydrogens. Repeated 
relactonization did not improve the yield. 

Unsaturated Chlorolactone 
Annotinine hydrate (200 mgm.) was dissolved in benzene (30 ml.) and 

thionyl chloride (5 ml.) added to the solution which was kept overnight a t  
room temperature. The reaction m i x t ~ ~ r e  was then gently heated (70') for 
five minutes and the solvent and excess thionyl chloride removed under 
reduced pressure. Ammonia was added to the residue and the mixture extracted 
with chlol-oform. The extract on evaporation yielded a slightly yellow oily 
residue which crystallized slowly. Colorless needles, n1.p. 136'. A sample was 
sublimed for analysis. Calc. for ClsH2002NCI: C, 65.45; H ,  6.85. Found: 
C,  65.37; H, 6.99y0. The infrared absorption spectrum of unsat~~rated chloro- 
lactone showed no absorption in the hydroxyl region, but contained an ab- 
sorption band a t  1758 cm.-l (91) due to the lactone function. 

Dilzydro Chlorolacto?ze 
Unsaturated chlorolactone (IGO mgm.) dissolved in absolute ethanol (3 ml.) 

was added to a suspension of pre-reduced Adams' catalyst in glacial acetic 
acid and shaken in an atmosphere of hydrogen for 12 hours, during which 
1.1 nloles of hydrogen was absorbed. The catalyst was filtered off and the 
filtrate evaporated to dryness. The residue was shalten with chloroform and 
ammonium hydroxide. The chloroform solution was separated and evaporated 
to dryness. A yellow oil remained which was dissolved in benzene and chro- 
matographed on alumina (No. 11-111). The colorless benzene eluates on 
concentration crystallized readily. The product when recrystallized from low- 
boiling petroleum ether consisted of long needles, n1.p. 146-147", wt. 195 mgln. 
A sample was sublimed for analysis. Calc. for C16HzzOzNCl: C,  64.96; H,  7.49; 
N, 4.73; C1, 11.98. Found: C, 65.05; H,  7.39; N,  4.61; C1, 11.21%. The in- 
frared absorption spectrum showed the absorption band a t  1756 cm.-' (92) 
of the lactone carbonyl. 

Action of Chromous Chloride on the Dihydro Chlorolacto?ze 
Dihydro chlorolactone (100 mgtn.) was refluxed for two hours with a 

solution of chro~nous chloride made from chromic chloride hexahydrate (5 gm.), 
concentrated hydrochloric acid (5 ml.), water (40 ml.), and amalgamated 
zinc (5 gm.). The cooled solution was alkalized with ammonium hydroxide 
and extracted with ether. The extract on evaporation yielded a colorless oil 
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which was dissolved in benzene and chromatographed on alumina (No. 11-111). 
The benzene eluates, when concentrated, crystallized spontaneously and the 
product (dihydro lactone C)  after recrystallization from low boiling petroleum 
ether melted a t  119-120'. A sample was sublimed for analysis. Calc. for 
Cl6H~02N: C, 73.53; H, 8.87; N, 5.36. Found: C,  73.81; H, 8.94; N,  5.46%. 
The infrared absorption spectrum of saturated lactone C contained an ab- 
sorption band a t  1772 cm.? (89) indicative of the lactone carbonj~l and a 
band a t  3355 cnl.-l (29) which may indicate an imino group. 

Oxidation of Annot in ine  Hydrate 

Annotinine hydrate (875 mgm.) was dissolved in glacial acetic acid (10 inl.) 
and to this solution chromic oxide (200 mgm.) dissolvecl in glacial acetic acid 
(5 ml.) was added dropwise. With each drop of the oxidizing agent a green- 
brown complex was formed which was allowed to clissolve before the addition 
was continued. The temperature throughout was kept a t  10'. After the oxi- 
dizing agent had all been added the mixture was allowed to stand a t  room 
temperature for six hours. A few drops of ethanol were added to the green 
solution to destroy the excess chrolnic acid and the solution evaporated to 
dryness ~ ~ n d e r  diminished pressure. The residue was shaken with chloroform 
and dilute ammonium hydroxide, the chlorofor~n layer separated, dried, and 
evaporated to dryness under reduced pressure. The residue crystallized for 
the bigger part. A little benzene (4 ml.) was added which dissolved hardly 
any of the crystals. I t  was decanted and chromatographed on alumina 
(No. 111). The benzene eluates did not contain any material but two combined 
fractions of the benzene-ether (10: 1) eluates gave 135 mgm. of a crystalline 
compound identical with the above crystalline product. Recrystallized fro111 
ether, it melted a t  159-160'. Calc. for C16H2104N: C, 65.96; H,  7.27; N ,  4.81; 
one act. H,  0.35. Found: C, 66.16; H ,  7.11 ; N, 4.81; act. H,  0.42y0. The in- 
frared spectrum of this hydroxyketone contained one absorption band a t  
3390 cm.-' (57) in the hydroxyl region, one a t  1768 cm.-I (88) attributable 
to the lactone carbonyl and one a t  1712 cnl.-l (85) due to the newly introduced 
keto group. 

Ilydroxyketone Monoxime  

A mixture of hydroxyketone (125 mgm.) dissolved in absolute ethanol 
(5 ml.), hydroxylamine hydrochloride (70 mgnl.), and anhydrous sodiuln 
acetate (90 mgnl.) was refluxed for four hours. The  solvent was evaporated 
in vacuo and the residue dissolved in water and extracted with chloroform. 
The dried extract was evaporated to dryness. I t  left a crystalline residue, 
wt. 104 mgnl., which after recrystallization from methanol-ether melted a t  
260-262'. A sample for analysis was dried for 24 hr. a t  90' a t  min. Calc. 
for C16H2201N2: C, 62.72; H, 7.24; N, 9.15. Found: C,  62.90; H, 7.02; N, 9.25y0. 

Action of Chromoz~s Chloride o n  Chlorohydrin 

In a previous publication (5) no details concerning the concentration of 
hydrochloric acid or chromous chloride used in this reaction were given. The 
reaction has therefore been reinvestigated. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



276 C/I.VdDI/IN JOL'RNAL OF CNEIIIISI'RY. 1.0L. 32 

( a )  In Alcoholic Solzition 

Chlorohydrin hyclrocliloride (5.5 gni.) prepared as  previously described (5) 
was refluxed for four hours with an alcoholic solution of chromous chloride 
prepared froni chromic chloride hexahyclrate (40 gm.), absolute ethanol 
(200 ml.), concentrated hyclrochloric acid (50 ml.) reduced under nitrogen 
with metallic zinc (30 gm.). After cooling, the solution was allralized with 
ammonium hydroxide and extracted with ether. 'The extract on evaporation 
yielded a crystalline residue (4.04 gin.) which after I-ecrystallization from 
ethanol-ether consisted of colorless needles, m.p. 174", and 011 admixture 
with the starting material, m.p. 140-150". Calc. for C16H23OSN: C ,  69.28; 
H, 8.36; N,  5.05; one act. H :  0.36. Found: C ,  69.33, 69.41; E I ,  8.60, 8.30: 
N,  5.29y0, act. H ,  0.63%. The  infrared absorption spectrum of this hydroxy- 
lactone contained a broad band (3 100 an.-') (GO) in the hydroxyl region and 
the usual band (1767 cni.-1) (89) attributable to  the lactone carbonyl. 

Chlorohydrin (1.15 gm.) was refluxed for four hours with an alcoholic 
solution of chromous chloride prepared froni chromic chloride hexahydrate 
(10 gm.), absolute ethanol (50 inl.), concentrated hydrochloric .acid (10 ml.), 
and zinc (10 gm.). Most of the ethanol was then removed under reduced 
pressure and the chilled resiclual solution alkalized with ammonium hydroxide 
and extracted with ether. On evaporation of the solvent the extract left 
980 nigm. of a lig-lit re ell ow oil which partly crystallized on stancling. The  
product was dissolved in a few milliliters of benzene and chromatographed 
on alumina. The  benzene eluates yielded 360'mgin. of a crystalline substance, 
1n.p. 128-130°, the ether eluates, 180 mgni. of a second crystalline product, 
m.p. 172-174", consisting of hydroxylactone which after recrystallization 
from ether or heptane melted a t  174", while the ether-methanol eluates yielded 
410 mgm. of an oil tha t  did not crystallize. A second chromatographic purili- 
cation of this last fraction gave an additional 40 mgm. of hydroxylactone, 
n1.p. 174", but  the remainder remained oily. 

The  first fraction (benzene eluates) was recrystallized from heptane from 
which it separated as colorless aggregates, 1n.p. 130-13Z0, identical with the 
unsaturated lactone previously reported (5) and now designated unsaturated 
lactone A. If kept overnight in the solvent, the surface of the crystals turned 
yellow. I t  was even more sensitive in ether solution. On each recrystallization 
a considerable quantity of material remained in solution., I ts infrared ab-  
sorption spectrum contained a strong peak a t  1762 (84). 

( b )  In Aqueozls Solzition 
Chlorohydrin hydrochloride (1.3 gm.) was refluxed under nitrogen for 

three hours with an aqueous solution of chromous chloride prepared from 
chromic chloride hexahydrate (8 gm.),  amalgamated zinc (4 gni.), and concen- 
trated liydrochloric acid (5 ml.) diluted with water (50 1111.). After cooling, 
the solution was diluted to  150 rill. with water, alkalized with ammonium 
hydroxide, and extracted with ether. The  extract on evaporation left a color- 
less oil (1.1 gm.) which crystallized from absolute ether (5 ml.) as long needles, 
m.p. 174' either alone or in admixture with hydroxylactone, wt. 380 mgm. 
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The  mother liquor was evaporatecl to dryness, the residue dissolved in a few 
milliliters of benzene and chromatographed on alumina (No. 111). The  first 
two benzene eluates when combined and concentrated yielded 365 mgin. of 
a crystalline substance, n1.p. 128-130°, which on recrystallization from heptane 
melted a t  132" either alone or in adinixture with   in saturated lactone A. The 
subsequent benzene eluates gave 42 mgm. and 18 mgnl. of a new crystalline 
product, m.p. 130". Recrystallization from heptane increased this melting 
point to  135". Admixture with ~ ~ n s a t ~ i r a t e d  lactone A produced a melting 
point depression of 35". Calc. for C16Hz,0zN: C, 74.10; H ,  8.16; N, 5.40. 
Calc. for C16H2B02N: C ,  73.53; H ,  8.87; N,  5.36. Found: C ,  .73.97; H ,  8.36; 
N,  5.31%. This product will be designated unsaturated lactone B. I ts  infrared 
absorption spectrum showed a strong peak a t  1752 cnx.-l (86) due to  the  
lactone carbonyl. Further elution of the chroma tog ran^ with ethylene di- 
chloride yielded other compounds that  have not yet been characterized. 

Reaction of Thionyl  Chloride with I3ydroxylactone 

Hydroxylactone (200 mgm.) was treated with thionyl chloride (5 ml.) in 
the cold. After 30 min. the solution turned yellow and the excess thionyl 
chloride was removed under reduced pressure. T h e  residue was shaken with 
chloroform and ammonium hydroxide. The chloroform extract was separated 
and evaporated under reduced pressure a t  a temperature below 40". An oily 
residue remained that did not crystallize from any of a number of solvents. 
T h e  oil was dissolved in benzene and chromatographed on alumina (NO. II- 
111). T h e  benzene eluates did not contain any  substance, but benzene-ether 
(10: 1) eluted a substance which after evaporation of the solvent (below 40") 
consisted of a colorless oil, 185 mgm. This oil could no,t be induced to  crystallize 
and when heated on the steam bath was altered immediately and afterwards 
no longer dissolved readily in benzene. When, however, the colorless oil was 
refluxed for three hours with an aqueous solution of chromous chloride prepared 
from chromic chloride hexahydrate (10 gm.), concentrated hydrocl~loric acid 
(10 ml.), anlalgamated zinc (5 gm.),  and water (30 ml.) and the cooled solution 
alkalized with an ln lon i~~m hydroxicle and extracted with ether, the extract 
yielded a crystalline residue. This, when recrystallized from heptane, melted 
a t  134-135" either alone or in admixture with unsaturated lactone B. 

Action of Chromous Chloride on Hydroxylactone 

Hydroxylactone (100 mgm.) was refluxed for three hours with an  aqueous 
solution of chromous chloride prepared from chromic chloride hexahydrate 
(5 gm.), concentrated hydrocl~loric acid (5 ml.), and amalgamated zinc (5  gm.). 
The  cooled mixture was diluted with water (50 inl.), alkalized with anlinoniun~ 
hydroxide, and extracted with ether. The  extract on evaporation left a crystal- 
line residue, wt. 65 mgm., which after recrystallization from heptane melted 
a t  134-135" either alone or in admixture with unsat~iratecl lactone B. 

Oxidation of Annotinine Chlorohydrin 

Annotinine chlorohydrin (600 mgm.) was dissolved in acetone (30 ml.) and 
finely powdered potassiun~ permailganate added gradually under constant 
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stirring until the pink color persisted. The  manganese dioxide was filtered off, 
washed with acetone, and the combined filtrate and washings evaporated to 
dryness. The  residue was dissolved in chloroform and the solution shaken 
with dilute hydrochloric acid. The chloroforn~ layer was separated, xvashed 
with water, dried, and evaporated. There was left a white cryst a 11' ine com- 
pound, wt. 290°, which after recrystallization from methanol melted a t  295" 
either alone or in admixture with the chlorohydrin lactam obtained by the 
action of hydrochloric acid on annotinine lactam. 

The aciclic aqueous layer obtained above was alkalized with ammonium 
hydroxide and extracted with chloroform. The extract yielded 45 mgm. of an 
oil which was not further investigated. 

An attempt to oxidize annotinine chlorohydrin with chro~nic acid in acetic 
acid failed and yielded practically quantitatively the unchanged chlorohydrin. 

Dilzydro Lactone A 

A pure recrystallized sample of unsaturated lactone A (175 mgm.) was 
dissolved in abso l~~ te  ethanol (6 ml.) and shaken in the presence of hydrogen 
over pre-reduced Adams' catalyst. The hydrogellation was conlpleted in 
40 rnin. when one mole of hydrogen had been absorbed. The catalyst was re- 
moved by filtration and the filtrate evaporated to dryness. A colorless crvstal- 
line residue was left which after recrystallization from heptane melted a t  110". 
Calc. for C16HZ302N: C,  73.53; H ,  8.87; N,  5.36. Found: C,  73.61; H ,  8.74; 
N ,  5.38y0. The infrared absorption spectrum of saturated lactone A contained 
a strong band a t  1768 cm.-l (84) atrributable to the lactone carbonyl, but 
contained 110 absorption in the OH-NH region. 

Dihydro Lactone B 

Unsaturated lactone B (120 mgm.) was dissolved in ethanol (5 ml.) and 
shaken over Adams' catalyst in an atmosphere of hydrogen. The reduction 
was complete in 40 min. in the course of which one molecular equivalent of 
hydrogen was absorbed. The catalyst was filtered off and the filtrate evapo- 
rated to dryness. The residue crystallized spontaneously. I t  was recrystallized 
from heptane and sublimed in vacuo a t  100°, m.p. 135". In admixture with 
unsaturated lactone B, the melting point was depressed by 30". Calc. for 
ClGH2302N: C, 73.53; H ,  8.87; N, 5.36. Calc. for C16H3502N: C, 72.96; H, 9.57; 
N ,  5.32. Found: C, 73.81; H ,  8.65; N ,  5.43%. The infrared absorption 
spectrum of saturated lactone B contained besides the absorption a t  1755 cm.-I 
(89) due to the lactone carbonyl, a sharp absorption band a t  3325 cm.-l (42) 
indicating the presence of an NH grouping. 
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ANNOTININE : THE LACTONE RING' 

ABSTRACT 

T h e  action of lithium aluminum hydride in dioxane solution on annotinine 
reduces the  lactone and  gives rise t o  a dihydroxy ether  while the  same reaction 
in tetrahydrofuran causes scission of t h e  cyclic ether  a s  well a n d  produces a 
t r ihydrosy compound. T h e  same tr ihydrosy compound is also obtainable b y  
the similar reduction of annotinine chlorohydrin. Treatment of the tr ihydrosy 
compound with thionyl chloride converts i t  to a chlorine-containing sulphite 
ester which under the  action of chromous chloride yields a n  unsaturated di- 
hydrosy compound A, while under the conditions of the  Clemmensen reaction, 
it yields an  isomeric unsaturated dihydroxy compound B. Annotinine reacts 
with phenyl-lithium t o  give what  seems t o  be a tetrahydro...y compound 
(C2SH350iN) which is oxidized by  chromic acid t o  C?sH330iN., I hese reactions 
lead t o  two conclusions: ( a )  tha t  hydrochloric acid a n d  l ~ t h i u m  aluminum 
hydride open t h e  cyclic ether  of annotinine in the  same way, a n d  ( b )  t h a t  t h e  
hydroxyl invol\.ed in the lactone is tertiary. 

I t  has already been established from the chemical behavior of the base 
that  two of the three oxygens of annotinine (C16H2103N) are present in a 
lactone ring (3) and the third bridges a secondary carbon and a tertiary carbon 
in a cyclic ether (3, 5). From the position of the carbonyl absorption band in 
the infrared spectrum of the alkaloid it appears that  the lactone is probably 
five-membered (4). Nothing is known, however, concerning the way in which 
this ring is attached to the rest of the molecule, nor of its position relative to 
the nitrogen or the cyclic ether. A study of the reactions to be described was 
undertaken in an attempt to gain more information about these points. 

I t  has been stated by Bertho and Stoll (2) that  annotinine is inert towards 
lithium aluminum hydride in ether solution. I t  has been shown by  the present 
work, however, that  a limited quantity of lithium aluminum hydride in dioxane 
solution reduced the lactone function to give a clihydroxy ether (CjGH2503N) I ,  
in which the cyclic ether remained intact. Moreover, the action of an excess 
of the same reagent in tetrahydrofuran gave rise to a trihydroxy compound 
(ClGH27O3N) 111, in which not only had the lactone been reduced, but the 
ether ring had also been opened (cf. flowsheet). 

I t  was found also that  annotinine chlorohydrin (ClsH~03NC1), a substance 
arising from the cleavage of the cyclic ether with hydrochloric acid (3),  ~inder-  
went reaction with lithium aluininum hydride in ether solution to produce 
the same trihydroxy compound 111 obtainable directly from annotinine. 
Hence in the chlorohydrin the l~yclroxyl group ai-ising from the cyclic ether 
must have occupied the same position as  the hydroxyl group in the trihydroxy 
conlpound which was derived from the same function. I t  can be concluded 
that both hydrochloric acid and lithium alunlinum hydride open this cyclic 
ether in the same way. I t  is known that a secondary oxide linkage is attacked 

A.lanzrscript received December 9 ,  19-53, 
Contribution from the Division of Pure Chemistry, National Research Coz~?~cil ,  Ottawa, 

Ca?tada. Issued as N .  R .  C. 1\10. 3175. 
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by lithium alun~inum hyclride in preference to a tertiary (6) and, therefore, in 
annotinine the ether must be cleavecl between the secondary carbon and the 
oxygen. Since the lactone ring in the chlorohydrin is reduced in ether solution 
whereas annotinine is not affected under those conditions (2), it appears that 

ANNOTININE 

C1e .Hzs03N C ~ 6 H z P ~ N  
DIHYOROXYOXIDE TRIHYDROXY CPO . 

c ~ s H e a O n N S  CPD CONTAINING 

C16H27D2 

Flowsheet 

the lactone is more stable when the cyclic ether is intact, and this observation 
prompts the surmise that the two functions may well be in close proximity 
to each other. 

The dihydroxy ether I was converted by phosphorus pentachloride to the 
corresponding dichloro ether, but the yield was small. Thionyl chloride, on 
the other hand, did not effect chlorination, but gave rise to a cyclic sulphite 
ester 11. The infrared absorption spectrum of this derivative showed no 
absorption in the hydroxyl region nor in the carbonyl region, but contained a 
strong absorption band a t  1206 cnl.-', characteristic of the S-0 frequency (I) .  
The only difference in the behavior of the trihydroxy conlpound 111 in this 
reaction was due to the hydroxyl derived from the ether. When treated with 
thionyl chloride the trihydi-oxy compound was converted into an uncrystal- 
lizable product IV. Qualitative tests showed the presence of both sulphur 
and chlorine. Since the product IV could not be pi~rified either by crystal- 
lization or distillation these tests might not be considered entirely significant, 
but the presence of sulphur (in a sulphite ester grouping) was confirmed by 
the subsequent reactions. The presence of chlorine was likely since the hydroxy 
lactone (one of the products of the reaction of annotinine cl~lorol~ydrin with 
chromous chloride) in which the hydroxyl formed froin the cyclic ether was 
carried by the same tertiary carbon as in the trihydroxy compound 111, was 
converted by thionyl chloride into an unstable chloro lactone ( 5 ) .  When the 
product IV was refluxed with cllromous chloride and hydrocl~loric acid, it 
gave rise to an unsaturated dihydroxy compound A (C1SH2502N). This un- 
saturated product when reduced catalytically absorbed one mole of hydrogen 
and gave a dihydro-dihydroxy compound A which failed to crystallize but 
was converted by thionyl chloride to an unstable crystalline sulphite ester. 
When, on the other hand, the reaction product IV was refluxed with amalga- 
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mated zinc and hydrochloric acid instead of chronlous chloride, sulphur was 
liberated and an isomeric unsaturated dihyclroxy compound B (CI6Hz5O2N) 
was produced. I t  is unlikely that more than two hydroxyls would have the 
req~~i red  configuration for the facile formation of a sulphite ester. Therefore, 
by analogy with the formation of the unsaturated lactones clescribed previ- 
ously (5), it can be assumed that it is the hydroxyl group arising from the 
cyclic ether that is chlorinated and eventually eliminated with formation of a 
double bond. Attempts to remove the elements of water from unsaturated 
dihydroxy compound A failed. Treatment with thionyl chloride resulted in 
the formation of a sulphite ester. 

The lactone ring of annotinine was also opened by a differentmethod. 
Treatment of the base with phenyl-lithium3 produced a derivative yielding 
analytical figures in agreement not with the expected C Z ~ H ~ ~ O ~ N ,  but with 
C28H3504N. The reaction mixture had been poured onto ice, and it is probable 
that the lithium hydroxide cleaved the ether with resulting formation of a 
glycol. The infrared absorption spectrum of this derivative contained several 
absorption peaks in the hydroxyl region, but showed no absorption in the 
carbonyl region. Oxidation of the derivative with chromic acid in acetic acid 
caused the loss of two hydrogens with no increase in the oxygen content. 
The oxidation product, C?gH3304N, was still basic and its infrared absorption 
spectrum still contained several absorption bands in the hydroxyl region and 
a strong peak a t  1720 cm.-I indicating the presence of a keto group. Hence 
the oxidation must have converted a secondary alcoholic into a lteto group. 
In the similar oxidation of annotinine hydrate, a substance in which the cyclic 
ether has beell converted to a glycol, it is one of these glycol hydroxyls which 
is secondary that is converted to a ketone group with the formation of a 
hydroxy ketone (5). In the present oxidation of the phenyl-lithium reaction 
product, since the same secondary hydroxyl arising from the ether was present, 
it can be assumed that it was this group that  was oxidized to a ketone. I t  
appeared probable, therefore, that the free hydroxyl that was originally 
esterified in the lactone was tertiary. 

EXPERIMENTAL' 

When not otherwise specified the infrared absorption measureinents were 
made on nujol mulls with a Perkin-Elmer double beam instrument,   nod el 21, 
The other measurements were macle on a Perkin-Elmer single beam instru- 
ment, model 12B, and the solvent and prism used are mentioned in each case. 

Annotinine and Litl~ium Alz~minum Hydride (Incomplete Reaction) 

Annotinine (3.0 gm.) was dissolved in purified dioxane and a 7% solution 
of lithium aluminum hydride in ether (7 ml.) added through a separatory 
funnel. The reaction mixture was refluxed under nitrogen for two hours. 
After cooling the excess lithium aluminum hydride was destroyed by the 

3 Dr.  D .  B. M a c l e a n  when working i n  Dr.  R. H. Manske 's  laboratory carried ozrt a pre- 
l im inary  innestigation of th is  reaction. W e  are most gratefirl to thent for mak ing  tlzcir resz~lts 
availuble and wi sh  to acknowledge ozrr indebtedness. 

4 TJnless othcr~uise mentioned the melting points are corrected. 
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addition of water (2 inl.) in inethanol (20 1111.). The  mixture was filtered and 
the clear filtrate extracted with chloroforn~. The  evaporated extract yielded 
a partly crystalline residue that proved to be mostly unchanged annotinine, 
m.p. 232', either alone or in adnlixture with an authentic sample. 

When the aqueous filtrate which had beell extracted by hand was again 
extracted with chloroform in a continuous liquid-liquid extractor, the extract 
yielded 2.65 gm. of an oily extract which was chro~natographed 011 alumina 
(No. 11). The  chlorofor~n-benzene (10: 1) eluate contained a conlpound 
(1.9 gm.) which formed a crystalline hydrochloride, m.p. 213-214', after 
drying i n  vacuo for three hours a t  80'. Found: C, 60.70, 60.84; H ,  8.37, 8.28; 
N,  4.07. Calc. for C,GH3503N.HC1: C, 60.86; H ,  8.27; N,  4.44%. The free base 
liberated from the hydrochloride was crystallized from acetone, m.p. 220'. 
For analysis a sample was sublimed a t  165' a t  1 0 - b m .  Found: C, 68.78; 
H,  9.12; N,  5.13; active H ,  0.79% (Zerewitinow). Calc. for C16H?503N: C, 
68.78; H ,  9.02; N ,  5.01; 2 active H ,  0.72%. The  infrared absorption spectrum 
of this dihydroxyoxide contained two peaks a t  3455 cm.-I (61.5)5 and 
3375 cm.-l (73) indicating two hydroxyl groups, and no longer contained 
absorption in the carbonyl region. The  ether-methanol eluate yielded 450 mgm. 
of an  oil which formed a crystalline hydrochloride, m.p. 254-255'. This  salt 
yielded unsatisfactory analytical results, however, and was probably not 
homogeneous. 

Annotinine and Lithium Aluminu~n Hydride (Complete Reaction) 

Carefully dried annotinine (1.0 gm.) was dissolved in purified tetrahydro- 
furan (50 ml.) and added dropwise to  saturated lithium aluminum hydride 
in ether (5 ml.) diluted with ether (100 ml.). A white precipitate separated 
immediately. The  mixture was refluxed gently for two hours and the excess 
reagent destroyed with aqueous ether and methanol. The  solvents were 
distilled off a t  40' under reduced pressure and the solid residue dissolved in 
dilute hydrochloric acid. The  solution was alkalized with ammonium hy- 
droxide and extracted with chloroform in a contiiluous liquid-liquid extractor 
for 36 hr., the extract being removed and replaced by  fresh chlorofornl every 
four to six hours. The  combined chlorofor~n extract on evaporation yielded an  
oily base, wt. 900 ingm., which crystallized from methanol. The  product 
contained solvent of crystallization since on drying a t  100' the crystalline 
form was altered and it lost weight (wt. 730 mgm. after drying). I t  melted a t  
ca. 165-170°, solidified again, and melted a t  214-215'. After sublimatio~l in 
high vacuo a t  170°, it melted a t  215'. Found: C, 68.03; H ,  9.54; N, 4.89. 
Calc. for C I ~ H ~ ~ O ~ N :  C, 68.29; H, 9.67; N, 4.98%. The  infrared spectrum of 
this trihydroxy derivative determined in a mull on a single beam Perkin-Elmer 
spectrometer contained three absorption bands (3394 cm.-I, 3298 cm.-l, 
3173 cm.-I) indicating three hydroxyl groups. On the double beam instrument, 
only two absorption bands a t  3305 cnl.-' (75) and 3230 an.-I (69.5) appeared. 

Annotinine Chlorohydrin and Lithium Alunzinz~nz Ilydride 

Anilotinine chlorohydrin (500 mgm.) was dissolved in absolute ether (50 ml.) 
The figures i n  brackets fo l lming  wave numbers indicate per cettt absorption. 
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and added dropwise to an ethereal solution of lithium alunlinum hydride 
(made up of 5 ml. of a saturated solution in 30 ml. of absolute ether). A \\rhite 
precipitate separated immediately. After the addition was colnplete the 
mixture was refluxed gently for- one hour. The  excess reagent was destroyed 
by the addition of ether-methanol and the mixture evaporated to dryness. 
T h e  residue was dissolved in 2 N hydrochloric acicl (20 ml.), the solution lnade 
alkaline with ammonium hydroxide, and extracted with chloroform in a 
continuous liquid-liquid extractor. The  chloroform extract was concentrated 
and allowed to stand overnight a t  room temperature when long prismatic 
needles separated. T h e  compound recrystallized from methanol, melted a t  
ca. 165-18O0, solidified, and melted again a t  212-214'. On clrying a t  100' it 
lost weight. T h e  dried material melted a t  214-215" either alone or in admixture 
with the trihydroxy compound obtained by the reduction of annotinine with 
lithium a l u m i n ~ ~ r n  hyclride. 

Dihydroxy Oxide and Phosplzorus Pentaclzloride 
The  dihydroxy oxide (671 mgm.) was dissolved in dry chlorofol-n~ (10 1111.) 

and refluxed for one hour with phosphorus pentachloride (1.0 gm.). T h e  
solvent was evaporated off, the residue made allialine with sodium carbonate, 
and extracted with chloroform. T h e  extract on evaporation left an oily residue, 
wt. 692 mgm., which was dissolved in benzene and chromatographed 011 

alumina No. 11. T h e  benzene eluates were combined. After evaporation of 
the solvent they yielded 183 mgm. of a substance which was converted to the 
hydrochloride. This salt, after recrystallization from methanol, melted a t  
290-292" (uncorr.). For analysis a sample \vas dried for 12 hr. a t  50' a t  
10-1 mln. Found: C, 54.44, 54.26; H ,  6.44, 6.43; N, 3.96. Calc. for 
C16H230NC12.HC1: C ,  54.48; H ,  6.86; N, 3.97%. 

Dihydroxy Oxide and T l ~ i o n y l  Chloride 
T o  the dihydroxy oxide (125 mgm.) thionyl chloride (3 ml.) was added 

and the mixture heated a t  60' for five minutes. The  excess thionyl chloride 
was distilled off ~lncler reduced pressure and the residue shalien with am- 
nlonium hydroxide and chloroform. The  chloroform extract was separated 
and evaporated to dryness. There was left a yellow oil which was dissolvecl 
in benzene and chromatographed on alumina (No. 11-1 I I). The  benzene 
eluate yielded a crystalline product which was recrystallized from heptane 
from which it separated as  colorless needles, m.p. 147' (dec.). T h e  product 
was sensitive to heat and on \varn~ing in a solvent there always formed a 
flocculent precipitate that had to  be filtered. I t  could not be sublimed. Found: 
C ,  58.72; H,  7.39; N, 4.11. Calc. for C16H2304NS: C, 59.05; H ,  7.12; N ,  4.30%. 
Tha t  this product was a s~llphite ester was also illdicated by its infrared 
absorption spectrum which no longer showed absorption in the hydroxyl 
region, but contained the absorption band a t  1206 cm.-l (87.5) typical of 
S-0 bonds (I) .  

When a small sample of this sulphite ester was treated with aqueous hydro- 
chloric acid (1: 2) a yellowish precipitate was formed which proved to  be 
elemental sulphur. Reduction with chrornous chloride caused the evolution 
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of hydrogen sulphicle, but owing to paucity of material the main procluct of 
this reactior~ was not isolatecl. 

Action of Th iony l  Clzloride o n  tlze Trilzydroxy Compound 

The trillydroxy compound (300 mgm.) (obtained by the complete reduction 
of annotinine with lithium aluminum hydride) was mixed with thion).l chloride 
(10 ml.) and the mixture kept a t  room temperature for one hour. The excess 
thionyl chloride was distilled off under reduced pressure and the residue 
shaken with ammonium hydroxide and chloroform. The chloroform extract 
on evaporation yielded 245 mgm. of a yellow oil which was dissolved in benzene 
and chromatographed on alumina (No. 11-111). The benzene eluates contained 
165 rngrn. of an oil which crystallized slowly. All attempts to recrystallize 
this substance failed, since it decomposed rapidly on heating with solvents. 
Qualitative tests showed that the compound contained both sulphur and 
chlorine but since it could not be purified the tests may not be significant. 
Presumably the compound contained a sulphite ester group bridging the same 
two oxygens as in the ester obtained from the dihydroxyoxide ancl may have 
contained a chlorine replacing the third hydroxyl group. 

The produrt was refluxed for three hours with chromous chloride prepared 
from chromic chloride hexahydrate (10 gm.), hydrochloric acid (10 rill.), 
an~algamatecl zinc (5 gm.), and water (50 ml.). The reduction mixture, after 
cooling, was extracted with ether. On evaporation, the extract left 95 mgm. 
of an oil which crystallizecl partly. Recrystallization from heptane yielded 
60 mgrn. of crystalline material, m.p. 169". A sample was sublimed for analysis. 
Found: C, 73.05; H,  9.46; N,  5.21. Calc. for CT6H&N: C, 72.96; H ,  9.57; 
N ,  5.32y0. The infrared absorption spectrum of this unsaturated c1ihydrox)- 
con~pouncl A in chloroforn~ solution on a single beam instrument with a 
calcium fluoride prism showed two absorption bands in the hydroxyl region, 
one free a t  3615 cnl.-l and one banded at 3379 cm.-'. 

The experiment was repeated with 480 mgm. of the trihydroxy compound 
and 15 ml. of thionyl chloricle; the product on treatment with chromous 
chlosicle as above yielded 245 mgm. of the crystalline product, m.p. 169" after 
recrystallization from heptane. The oily material recovered from the heptane 
mother liquors was chromatographed on alumina and eluted first with benzene 
and then with ether. The combined benzene and ether eluates contained 
195 mgm. of an oil which slowly deconlposed on exposure to air, and coulcl 
not further be characterized. 

A third experiment was carried out slightly differently. The trihydroxy 
compound (205 mgm.) and thionyl chloride (10 ~nl . )  were left a t  room tempera- 
ture for one hour. The excess thionyl chloride was removed in vaczlo and the 
residual product refluxed with 2 N hydrochloric acid and a small quantity of 
amalgamated zinc. A precipitate of elementary sulphur soon separated. After 
one hour of refluxing the mixture was cooled, filtered, and the filtrate alkalized 
with ammonia and extracted with chloroforn~. On evaporation of the combined 
extract an oily residue was left, 170 mgm., which was dissolved in benzene 
ancl chromatographed on alumina (No. I I I). The benzene-ether ( 5  : 2) eluate 
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yielded a colorless oil which crystallized slowly. .\fter recrystallization froill 
ether the product melted a t  146-147'. Found: C, 72.86; H,  9.29; N, 5.21. 
Calc. for C16H25021\T: C, 72.96; H ,  9.57; N,  5.32%. This unsaturated dihydrox>- 
con~pound B, which was isomeric with the above clihyclroxy derivative -4 
(m.p. 16g0), had an infrared absorption spectrum containing a nuinber ol  
absorption peaks in the OH-NH region, i.e., a double peak, 3360 (GO), 3315 (59) 
and 3180 (56.5), 3060 (53). 

Catalytic Reduction of Unsaturated Dihydroxy Compound A 
The unsaturated dihydroxy compound (95 mgm.) was dissolved in ethanol 

(3 ml.) and hydrogenated over Adams' catalyst. The uptake of hydrogen was 
exactly one mole. Alter removal of the catalyst by filtration the solvent was 
evaporated and the residual colorless oil which failed to crystallize was chro- 
matographed on alumina (No. 111). The recovered product was still an oil 
and repeated attempts to crystallize it from various solveilts were ineffective, 
nor was it possible to prepare a crystalline salt. 

The oily product was allowecl to stand a t  room temperature for 10 minutes 
with thionyl chloride (2 ml.). The product of this reaction, worked up as 
described above, was a yellowish oil which was chromatographed oil alumina 
(No. 111). The benzene eluate yielded a fraction that crystallized slowly. It  
was very unstable and no definite melting point could be observed. A quali- 
tative test showed that it contained sulphur and therefore was probably a 
sulpllite ester. 

Action of Thionyl  Chloride on Unsaturated Dihydroxy Compound A 
The unsaturated dihydroxy compound (105 mgm.) was treated with thionyl 

chloride a t  room temperature and the product worked up in the usual way. 
I t  consisted of a colorless oil which crystallized from heptane as long colorless 
needles, m.p. 130-150" (dec.), which decomposed on attempted sublimation. 
Treatment of the substance with chromous chloride liberated hydrogen sul- 
phide. 

Reaction of Annotinine zoith Phenyl-lithium 
Annotinine (800 mgm.) was dissolved in ether (50 ml.) and added dropwise 

to an ethereal solutioil of phenyl-lithium (made from 0.3 gm. of lithium). 
After being refluxed for one hour the reaction mixture was cooled and poured 
into a separatory funnel containing cracked ice. The milky mixture was 
alkalized with ammonia and extracted repeatedly with ether. The combined 
extract was distilled on the steam bath to remove the solvent and the oily 
residue dissolved in benzene and chromatographed on alumina (No. I I I) .  
The benzene eluate contained some diphenyl and a few milligrams of un- 
changed annotinine. The ether eluate yielded an oily product which on treat- 
ment with heptane was converted into an amorphous solid. The product was 
sublimed a t  190' a t  mm. after which it melted a t  236-239'. Yield, 
800 mgm. Found: C, 74.89; H ,  7.22; N, 3.07. Calc. for C28H3604N: C, 74.80; 
H ,  7.85; N, 3.12%. The infrared absorption spectrum showed absorption 
bands in the hydroxyl region, but no absorption in the carbonyl region. 
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Oxidation of the Diplzenyl Derivative of Annotinine 
The diphenyl derivative (700 mgm.) was dissolved in glacial acetic acid 

(3 ml.) and to the solution a mixture of chromic acid (400 mgm.) in glacial 
acetic acid (3 ml.) was slowly added. A greenish brown precipitate separated 
which gradually dissolved again. The  mixture was left standing for five hours 
and a few drops of ethanol were added to reduce excess chromic acid. The 
solvents were evaporated under reduced pressure a t  a temperature no higher 
than 40°, and the residue dissolved in chloroform. After shaking with hydro- 
chloric acid the chloroform solution was washed with water, dried, and evapo- 
rated. There was left an oily residue (610 mgrn.) that  was dissolved in benzene 
and chromatographed on alumina (No. 111). The benzene eluate yielded a 
product which was crystallized from a mixture of dichlorethylene and heptanc 
from which it separated as fine small needles, m.p. 250-251". Found: C, 75.67; 
H ,  6.82; N,  3.12. Calc. for C, 75.14; H, 7.43; N, 3.13%. The  
infrared absorption spectrum contains absorption bands in the hydroxyl 
region and a new absorption band a t  1720 cm.-' attributable to a keto group. 

The authors wish to express their gratitude to Dr. R. Norman Jones and 
Mr. R. Lauzon of these laboratories for taking the infrared absorption spectra. 
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THE SYNTHESIS AND REACTIONS OF l-CHLORO-2- 
ISONITROSODIBENZOYLETHANE1 

ABSTRACT 
T h e  addition o f  nitrosyl chloride t o  trans-dibenzoylethylene produces only the 

syn-benzoyl isomer o f  1-chloro-2-isonitrosodibenzoylethane. This  compound con- 
tains a hydrogen bond. I t  forms t w o  isomeric mono-2,l-dinitro-phenylhydra- 
zones. W h e n  boiled with hydrochloric acid i t  is converted in to  3-benzoyl-l- 
chloro-5-phenylisouazole. T h e  reactions and derivatives o f  this  latter compound 
are discussed. 

In Cusmano's (16, 17, 13, 14) general sjrnthesis of 3-lcetoisoxazoles (I)  by the 
action of boiling nitric acid on saturated 1,4-diketones (II) ,  a Zisonitroso- 
1,4-diketone (I1 I)  is the hypothetical and unisolated intermediate. I11 may 
be considered to be the monoxime of a 1,2,4-triketone, a compound with an 
interesting combirlation of functional groups 

The aim of the p-ksent investigation was the synthesis of a stable analogue 
oi 111 and the study of its configuration. The synthesis has been achieved by 
the addition of nitrosyl chloride to trans-dibenzoylethylene (IV), which was 
pepared by the method of Lutz (20). A modification of the classical (19, 23, 
24) amy1 nitrite - hydrochloric acid method gave a 72% yield of the addition 
product, a white crystalline solid (V), melting a t  133OC. Though the primary 
addition product in this reaction is the nitroso chloride, in most known cases 
(19, 24) the primary or secondary nitroso compounds rearrange to the more 
stable isonitroso chlorides. Thus V was assumed to be I-chloro-2-isonitroso- 
dibenzoylethane (111 : R,R2 = CeHs, R1 = Cl). The physical and chemical 
properties of V have been shown to agree with this structure. 

Red solutions result when V is dissolved in pyridine and cold aqueous sodium 
hydroxide. 111 the latter reagent, decomposition of V into benzaldehyde and 
resinous condensation products occurs. Hot  dilute nitric acid oxidizes V to two 
molecules of benzoic acicl. 

V is unaffected by phosphorus pentachloride under the usual conditions for 
the Beckmann rearrangement of oximes. When V is treated with benzoyl 

1 Mant~scrrpl received 3 2 1 1 ~  6 ,  1953. 
Contributzon from the Depnrl?~~?rit of Cliemislry, Onlarto Agrrcllltllrr~l Collrge, Glrelpk, 

O~ztarzo 
2 Prese7tt addresr: Division of Indlrstrinl and Cellltlosc Chentistry, i?lcG~Il Llniversity, 

Montrenl, Qz~ebec. 
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chloride according to the method of Rheinboldt (22) benzoylation does not 
occur. No reaction has been observed when V is treated with phenyl isocj ranate - 
according to Schmidt (23). 

Treatment of V with 2,1-dinitrophenylhydrazine in sulphuric acid according 
to Brady (8) gives two isomeric mono-2,4-dinitrophenylhydrazones. This result 
was unexpected, since the bis-2,4-dinitrophenylhydrazones are formed very 
readily by dicarbonyl compounds (6). 

The existence of a hydrogen bond between the oxiine hydroxyl and one of 
the carbonyl oxygens in V could account for the failure to form derivatives 
a t  these two functional groups. The syn-benzoyl form of V, indeed, fulfils 
all the theoretical requirements of intranlolecular hydrogen bonding (25). The 
existence of a hydrogen bond has been established by infrared spectroscopy. 
Strong absorption due to hydrogen bonding usually occurs in the infrared 
from approximately 3500 cm-I. to 3200 cm-I. I t  may be seen in Figs. 1 and 2 
that V exhibits absorption in this region while 1-chlorodibenzoylethai~e (VII) 
does not. 

This in itself does not prove chelation in V, as simple oximes, which are 
only capable of intermolecular hydrogen bonding, are also known to absorb 
weakly in the same region. The chemical behavior of V, however, makes the ex- 
istence of an intramolecular hydrogen bond in the molecule more than probable. 

When V is treated with hot concentrated hydrochloric acid, loss of water 
occurs and a new compound (VI) is formed. The loss of water can only occur 
between the oxime hydroxyl and the enolized carbonyl group in position 1. 
The same reaction occurs in Claisen's (11) synthesis of isoxazoles by oximation 
of 1,3-diketones. Thus V corresponds to Claisen's intermediate mono-oxime and 
VI must be 3-benzoyl-4-chloro-5-phei~ylisoxazole. Like other aryl-substituted 
isoxazoles (12, 18, 26), VI resists oxidation by hot concentrated nitric acid, 
but is nitrated by this reagent. The product is, by analogy with work of 
Cusmano (18), probably, 3-benzoyl-4-chloro-5-p-nitrophenylisoxazole (VI I I ) .  

The configuration of oximes is frequently established through their conver- 
sion to cyclic compounds. The formation of VI would seem to support the 
alzfi-benzoyl configuration for V, contradicting previous considerations. How- 
ever, the conflicting evidence may be reconciled by the assumption that the 
stable syn-benzoyl form isomerizes to the labile anti-benzoyl form prior to  
cyclization. Isomerization by hydrochloric acid in this direction is not common, 
but a similar conversion has been reported by Meisenheiiner (21). 

Two carbonyl derivatives of VI have been prepared, the 2,4-dinitrophenyl- 
hydrazone (IX) and the oxime (X). Ajello (1, 2, 3 ,  4) and Cusnlano (17, 13) 
have found that  on oxinlation, 3-ketoisoxazoles easilv undergo ring fission 
and furazan derivatives may be formed. The extent of this transformation 
apparently depends on the nature of the substituents on the isoxazole nucleus, 
but does vary'for a given isoxazole with the reagents and coilditions employed 
(1). Some of their results are contradictory (4, 13) and the problem has not 
been wholly clarified. The reverse trallsformation has been reported by 
Cusmano (15) in a recent paper: 3-phenyl-4-desylfurazan was converted by 
boiling concentrated hydrochloric acid into 3-benzoyl-4,5-diphenylisoxazole, 
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FREQUENCY (CM:') 

... 
I I I 1 

1700 1600 1500 1400 
FREQUENCY (CM- '1  

FIG. 1. Infrared spectra of I-chloro-2-isonitrosodibenzoylethane (top), and l-chlorodi- 
benzoylethane (bottom), measwed in a Ni~jol mull on a Perkin-Elmer 12C single beam spectro- 
photometer with sodium chloride prism, 0.025 nun. cell. 

with liberation of hydroxylamine. In the light of these reports, X could have 
either an isoxazole structure or a furazan structure. However, it has been found 
that X fails to react with either hydroxylamine or 2,4-dinitrophenylhydrazine 
but does form a derivative (XI) with phenyl isocyanate. This establishes that  
the isoxazole structure for X is correct. The oximation of VI has been repeated 
under a variety of conditions simulatilig those employed by Cusmano and 
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FREQUENCY (CM:') 

FIG. 2. Sections of the infrared spectra of (a), 1-chlorodibe~~zoylethane; ( b )  l-chloro-2- 
isonitrosodibei~zoylethane; (c), alpha-2,4-dinitrophenylhydrazone of ( b ) ;  and (d), beta-2,4- 
dinitrophenylhydrazone of ( b ) ;  as recorded by a Perkin-Elmer 12C single beam spectrophoto- 
meter. A11 four compouncls in Nujol mull, sodium chloride prisms, cells vary 0.025, 0.10, 0.20, 
0.20 in above order. 

Ajello (1, 2, 3, 13). In  all cases X was the only product, indicating that  the 
nucleus of VI resists cleavage in this reaction. 

Attention may now be turned to  the two isomeric mono-2,4-dinitrophenfl- 
hydrazones (XII )  of V. Of these, the a-isomer, melting a t  211-212OC., is 
formed a t  low temperatures (4OC.) and the 8-isomer, melting a t  183OC. with 
decomposition, is obtained a t  room temperature. Repeated boiling in different 
solvents did not change these melting points. The  a-isomer of XI1  as  well a s  
compound IX are unaffected by hot concentrated hydrochloric acid, but  the 
@-isomer of X I  I is converted into the a-isomer by this reagent. In these isomers, 
the 2,4-dinitrophenylhydrazine group may be attached to the same or to 
different carbon atoms of V. Attachment to different positions would require 
simultaneous hydrolysis and recondensation for the interconversion. This 
process is ruled out after consideration of the stability of 2,4-dinitrophenyl- 
hydrazones (5, 6). An isomer with attachment a t  position 4 should be convert- 
ible by hot conceiltrated hydrochloric acid into I X  through formation of the 
isoxazole nucleus. Failing this, attachment has to be a t  position 1 in both iso- 
mers, which agrees with the theory of the hydrogen bond. Thus geometric 
isomerism seems to be a logical explanation. The  close correspondence over the 
fingerprint region (1350-600 cm-I.) in the infrared spectra of the a and @- 
isomers also favors this assumption. A marked band due to bonded OH is 
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present in the spectrum of the 8-isomer a t  3330 cm-'. (see Fig. 2 4 .  The 
absence of this band in the spectrum of the a-isomer (see Fig. 26) could be 
due to the overlapping of the N H  stretching frequency. 

Two double bonds in XI1 could be involved in geometrical isomerism. A 
shift a t  the oxime double bond would conform to a similar shift, caused also 
by hot concerltrated hydrochloric acid, in V. The infrared evidence would not 
contradict this assumption. Accordingly, the a-isomer would have an anti- 
benzoyl, the p-isomer a syn-benzoyl oxime structure. A shift a t  the hydrazone 
double bond would produce the rare type of geometrically isomeric 2,4- 
dinitrophenylhydrazones, of which the most outstanding example is found in 
the work of Bredereck (9, 10). He reported two forms of furfural 2,4-dinitro- 
phenylhydrazone melting a t  212-214OC. and 230°C'., respectively, with a mixed 
melting point of 185°C. For an excellent discussion on the occurrence of 
geometrical isomerism, polymorphism, mixed crystal formation, and structural 
rearrangements of 2,4-dinitrophenylhydrazones see Braddock et al. (7). 

The simple procedure and good yield in the synthesis of V and its almost 
quantitative conversion to  VI offer a convenient method for the preparation 
of 3-keto-4-chloroisoxazoles from symmetrical unsaturated 1,4-diketones. 

EXI'EIlIklEN'I'AL* 

I-Ckloro-2-isonitrosodibenzoyletkane 

To  a solution of 10.0 gm. (0.0424 mole) of trans-dibenzoylethylene in 100 rnl. 
of dioxane was added 10.0 gm. (0.0853 mole) of freshly prepared n-amyl 
nitrite. The solution was stirred a t  room temperature a t  a moderate speed, 
while 8.0 1111. (0.099 mole) of concentrated hydrochloric acid (37%) was intro- 
duced dropwise from a separatory funnel, over a period of twenty minutes. 
The solution turned golden brown. Stirring was coi1tinued.t After a lapse of 
two hours the addition of n-amyl nitrite and concentrated hydrochloric acid 
was repeated, again using the same quantities and procedure. Stirring was 
continued for another half hour, and then the reaction mixture was allowed t o  
stand for 48 hr. a t  room temperature. The mixture separated into two layers 
and some gas developme~lt was observed. Subsequently, the reaction mixture 
was diluted with 600 ml. of water. A yellowish oil separated a t  the bottom of 
the vessel. Most of the water was decanted, and the oil slowly crystallized 
into a white solid on standing. The solid was filtered ofl and purified from 
benzene-hexane and methanol-water, yielding 9.27 g n ~ .  ('73%) of white 
crystals melting a t  131-133OC. 

Anal. Calc. for Cr6HI203NCI (301.5): C, (i3.70; H,  4.01; N,  4.G:. 
Found: C, 63.86; H,  4.05; I\', 4.62. Mol wt. Found: 299. 

.j-Be?zzoyl-4-chloro-5-pkenylisoxazole 

X suspension of 5.0 gm. (0.0166 mole) of 1-chloro-2-isonitrosodibenzoyl- 

*A11 ttielling po in l shaw been corrected uguinsl reliable slnndnrds. The fnnlec~~lar weighls were 
del~rnrined by !hr Rnst cancphor nirthod. 

jThe reaclioii niixltrre ~iszinlly does no! warirr lip si,unifica?~tly. If'ith greater quanlilies, however, 
/he k,tizperalzlra rrlny rise, nizd zclhet~ it p(rsses ./tO'C. il is ndoisahle to cool /he jnislzrre back lo room 
Iriiiprralirrr. 
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ethane in 50 ml. of concentrated hydrochloric acid (37y0) and 15 ml. of water 
was refluxed over a low flame for five hours. At the end of this period the 
organic material was present in the reaction mixture as  an  oil, and solidified 
overnight a t  room temperature. The off-white solid was separated from the 
clear acid liquor by filtration, washed with several lots of water, and was 
crystallized from ethanol-water. The purified product, fine white needles, 
weighed 4.32 gm. (92%) and melted a t  56-5T°C. 
Anal.  Calc. for C16H,o02NCl (283.5): C,  67.69; H, 3.52; N ,  4.94. 

Found : C ,  67.59; H, 3.45; N, 1.85. Mol. wt. Found : 265, 259. 

1 -Chloro-2-isonitrosodibenzoyle/Izane Mono-2,d-dinitrophenylIzydrazone(a-Isomer) 

The reagent solution was prepared by dissolving 0.38 gm. (0.0019 mole) of 
2,4-dinitrophenylhydrazine in 0.8 ml. of hot concentrated sulphuric acid 
(d. 1.84, 95%) and by adding 6 ml. of 95% ethanol to this solution. A solution 
of 0.60 gm. (0.002 mole) of 1-chloro-2-isonitrosodibenzoylethane in 14 ml. of 
95% ethanol and the reagent solution were mixed a t  room temperature. The 
resulting clear red solution was stored overnight a t  3-4OC. A copious orange 
precipitate formed. I t  was filtered off and crystallized from benzene-hexane, 
yielding 0.44 gm. of an amorphous solid, melting a t  186-197OC. with decom- 
position. This  product was recrystallized from acetone-water and again from 
benzene-hexane, finally yielding 0.31 gm. of a n  amorphous orange solid melting 
a t  21 1-212OC. 
Anal. Calc. for C22H1606x5CI (482) : N, 14.52. 

Found:N,  11.64, 14.48.Mol. wt. Found:4Gi. 

The  same quantities of 2,4-dinitrophenylhydrazine, 1-chloro-2-isonitrosodi- 
benzoylethane, concentrated sulphuric acid and 95% ethanol were used to 
prepare the final clear red solution as  in tbe preparation of the high melting 
isomer. This solution, however, was stored overnight at room temperature. 
An orange precipitate formed. I t  was filtered off and crystallized from ethanol- 
water and benzene-hexane. The purified product, fine orange needles, weighed 
0.45 gm., and melted a t  182-l83OC. with decomposition. 
Annl. Calc. for C22Hr606N5CI (482): N, 14.52. 

Found: N, 14.59, 14.49. 

This derivative was prepared as above and crystallized from acetone-n7ater 
and ethyl acetate - ethanol. The yield was 0.35 gm. of an amorphous orange 
solid melting a t  203-204OC. 
Anal. Calc. for C22H,r05N5Cl (464): S ,  15.09. 

Found: N, 15.06. 

Conversion of P-Isomer of 1 -Chloro-2-isoni~rosodibenzoylethnne Alono-24-dinitro- 
phenylhydrtlzone to /he a-Isomer 

A suspension of 0.100 gm. of the /3-mono-2,4-dinitrophenylhydrazone of 
1-chloro-2-isonitrosodibenzoylethane in 3 n ~ l .  of concentrated hydrochloric 
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acid (37%) was heated on the steam bath, with occasional stirring, for seven 
hours. The orange solid was filtered off and washed with water. After drying, 
this crude product weighed 0.092 gm. and melted a t  194-202OC. This was 
crystallized twice from benzene-hexane, yielding 0.062 gm. of an amorphous 
orange solid melting a t  211-212OC. A mixed melting point with a pure sample 
of the a-isomer showed no depressio~~.  

3-Benzoyl-4-chloro-5-filzenylisoxazole Oxime 

T o  a suspension of 2.5 gm. (0.00877 mole) of 3-benzoyl-4-chloro-5-phenyli- 
soxazole in 50 ml. of 95% ethanol was added a solution of 1.7 gm: (0.0245 mole) 
of hydroxylamine hydrochloride in the minimum amount of water. The  result- 
ing mixture \\-as refluxed on the steam bath for four hours. All the solid dissolved 
after the first few ~ninutes  of heating. The  colorless clear solution was concen- 
trated to  a sixth of its original volume, and then cooled. An off-white solid 
separated f r o ~ n  the solution. I t  was filtered off and triturated with several 
lots of water on the filter. This crude solid was dried by suction. I t  weighed 
2.59 grn. and melted a t  148-150.5"C. By crystallization from acetic acid - 
water r.95 gm. (75y0) of white needles was obtained, melting a t  151-153°C. 
Further purification from acetic acid - water and toluene - hexane narrowed 
the range to  152-153OC. Oximation in the presence of pyridine or  potassium 
hydroxide gave the same product. 

Anal. Calc. for Cl~H1,O2N2CI (298.5): C, 61.35; H, 3.71; N, 9.37; C1, 11.89. 
Found: C, 64.86, 64.50; H, 3.72, 3.66; N, 8.76, 8.70; C1, 12.19, 12.27. 

IIydrolysis of 3-Benzoyb-4-chboro-5-phe~ly(isoxnzobe Oxime 

T o  2 ml. of concerltrated hydrochloric acid (37%) was added 0.2 gm. 
(0.00067 mole) of 3-benzoyl-4-chloro-5-phenylisoxazole oxime. The resulting 
suspension was refluxed over a low flame for three hours. The solid was con- 
verted to  a yellow oil. This oil thickened overnight, and was filtered off. The 
sticky crude solid was crystallized f ro~n  ethanol-water, and 0.07 gm. of fine 
white needles was obtained, melting a t  56-57OC. A mixed melting point with 
3-benzoyl-4-chloro-5-phenylisoxazole showed no depression. The clear reaction 
liquor was evaporated t o  dryness, the yellowish residue was taken up in 2 ml. 
of water, and the presence of h>.droxylamine in this solution was demonstrated 
by the hydroxamate test. 

Reaction o f  3-Benzoyl-4-chloro-6-phenylzsoxazole Oxime with Phenyl Isocyanate 

A solution of 0.23 gm. (0.00078 mole) of 3-benzopl-4-chloro-5-phenylisoxa- 
zole oxime and 0.12 gm. (0.001 mole) of phenyl isocyanate (EK 533) in 2 ml. 
of absolute ether xvas stored for two days in a well-stoppered bottle, in the dark 
a t  room temperature. A minor quantity of colorless prisms formed during this 
period. Removed from the solution they proved to  be sym-diphenylurea. T h e  
ether solution was evaporated t o  drvness. The residue, a pale brown oil, 
solidified in a short time. This solid was crystallized from toluene-ether- 
hexane, yielding 0.15 gm. of product, melting a t  147-14g°C. Two further 
crystallizations from ethanol-water narrowed the melting range to  148-149°C. 
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'I'he purified product, long white needles, weighed 0.11 gm. A mixed melting 
point with 3-benz0~l-4-chloro-5-~I~enylisoxazole oxime showed a rnarlreti 
depression. 

Anal.  Calc. for C23H1603N3C1 (417.5): N, 10.04. 
Found: N ,  9.87, 9.83. 

Nitric Acid Oxidation of 1-Chloro-2-isonitrosodibenzoyletlzane 

A suspension of 0.5 gm. (0.00165 mole) of I-chloro-2-isonitrosodibtnzo)~l- 
ethane in 7 rill. of dilute nitric acid (d. 1.15, 25%) was heated on the steam 
bath for seven hours. The evolution of brown fumes began after the first fen- 
minutes and ceased after six hours of heating. The cooled reaction mixture 
yielded an alkali soluble, white solid which weighed 0.264 gm. and melted a t  
122-123OC. X mixed melting point with an authentic sample of benzoic acid 
showed no depression; 0.264 gm. (0.00216 mole) of benzoic acid corresponds to 
a yield of 1.31 mole per mole of 1-chloro-2-isonitrosodibenzo~~lethane. 

Nitration of 3-Benzoyl-/t-clzloro-5-pIze~~yIiso.z-azole 
When 0.5 g n ~ .  (0.00176 mole) of 3-benzoyl-4-chloro-5-phenyliso.uazoIe was 

added to 7 ml. of concentrated nitric acid (d. 1.42, 70y0), the white solid 
changed into a yellowish oil which spread out over the surface of the acid i n  a 
thin film. The mixture was heated on a steam bath, and evolution of brown 
tumes began after a few minutes. In the second hour of heating a white solid 
started to crystallize from the brown liquor. Heating was contintled for a totaI 
of seven hours. A considerable arnount of the crystalline white solirl collected 
a t  the bottom of the vessel, and was separated from the hot brown acid liquor 
by filtration. This solid was crystallized from acetic acid - water, yielding two 
crops of white crystals: 0.19 gm. melting a t  182-185OC. and 0.064 gm. melting 
~ t t  167-18O0C. The first crop was recr)~stallized three times from acetone- 
water and once from dioxane-water, yielding 0.06 gm. of pure product melting 
a t  190-191°C. A qualitative test for the nitro group was positive. 
Anal.  Calc. for C16H904N2C'I (328.5): N ,  8.52. 

Found: N, 8.45, 8.28. 

Alkaline Hydrolysis of' I -Chloro-2-iso~zifrosodibe~zzoyletha~ze to Give Benzaldelryde 
When 1.14 gm. (0.00378 mole) ot 1-chloro-2-isonitrosodibenzoylethane was 

added to a solution of 0.4 gm. (0.01 mole) of sodium hydroxide in 14 ml. of 
water (2.8y0 aqueous sodium hydroxide) n red suspension forlnetl immedi- 
atel),. The suspension was steam distilled and 50 1n1. of distillate was collected. 
The presence of benzaldehyde in the distillate was demonstrated through for- 
mation of the 2,4-dinitrophen3dhydrazone. 

We are indebted to Canadian Industries Limited for determining the infra- 
red spectra and also for providing a scholarship for one of us (A.H.). 

'The cooperation of Mr. A. E. Ledingham, and Mr. R. Rlills, Dorninio~l 
Rubber Research Laboratories, Guelph, Canada, in carrying out the micro- 
analyses is also gratefully acknowledged. 
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THE KINETICS OF THE PYROLYSIS OF TOLUENE' 

BY H. BLADES,~ -4. 'r. BLADES,~ AND 1':. \A1. R. STEACII: 

ABSTRACT 
The pyrolysis of toluene has been studied in an attempt to  verify the findings 

of Szwarc (2). The major products have been confirmed but styrene and isomeric 
dimethyl diphenyls have also been detected. First order rate constants for the 
decon~position have been found to depend on the condition of the surface of the 
reactor, the contact time, and, to a lesser degree, on the pressure. Some prelimi- 
nary studies on the mechanisn~ of the formation of the dimethyl diphrnyls are 
also recorded. 

Recently Szwarc (3) and his co-workers have determined the bond dissociat~on 
energy for a number of compounds by means of the toluene carrier gas tech- 
nique. In this technique compounds are decomposed thermally in the presence 
of a large excess of toluene which, a t  the relatively high te~nperatures involved, 
acts as a very good inhibitor to free radical chain reactions. 

Many of the compounds so studied have been toluene derivatives and, in the 
calculations of standard heats of formation of radicals which follow from the 
kinetics data, it is necessary that  the standard heat of formation of the benzyl 
radical be known. I t  has been customary to  obtain a figure for this from the 
kinetic measurements of the pyrolysis of toluene itself. 

Szwarc (2) studied the pyrolysis of toluene by passing the vapor through a 
fairly large (about 450 cc. in volume) reaction cell, the temperature of which 
was adjusted to  produce from 0.01 to 1.25% decon~position. These low con- 
versions help to  assure the inhibiting properties of the toluene. The products 
identified were bibenzyl, benzene, methane, hydrogen, and large proportions 
of the undecomposed toluene. The quantities of hydrogen and methane were 
determined accurately and the bibenzyl was weighed for a limited number of 
runs. 

The basic reactions postulated were 

The presence of methane and benzene was explained by the following set of 
reactions 

H + CsHsCH3 + C6H6 + CH3 [41 
CH, + CsHbCH3 --t CH4 + C ~ H ~ C H Z .  [5 1 

Reactions [2] and [4] thus compete for hydrogen atoms. Support for the exis- 
1 Manuscript received Ociober 9,  1956. 

Contribution from the Division of Pzrre Chemistry, National Research Cou~zcil of Canada, 
Ottawa, Canada. Issued as N.R.C. No. 3185. 

National Research Laboratories Postdoctorate Fellow 1950-1952. Present address: Royal 
iz.Iililary College, Kingston, Ontario. 

National Research Laboratories ~ostdoctorate Fellow 1952-1954. 
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tence of these reactions has been obtained by studying the clecon~positio~~ of 
other compounds (1) which produce hydrogen atorns in the presence of a n  
excess of toluene. 

The relative proportions of hydrogen, methane, and dibenzyl were fou~ld to 
be consistent with the al~ove scheme. In addition, the hyclrogen to rriethane 
ratio was found to be inclependent of temperature and conversion. 

The pressure of toluene nras varied froin 2.7 nim. to 13.7 mm. and the time 
of reaction frorn 0.233 to 0.905 sec. To  test for first order behavior of the data, 
the rate constants were calculated assuming a first order rate and these values 
plotted on the iisual Arrhenius plot. The data lay on a straight line with no 
systematic deviatio~is with either pressure or reaction time. From this it was 
concluded that the reaction was first order. Holuogeneity was denionstrated 
by packing the reaction cell with silica wool, thereby increasing the surface 
area 15 times. 

From the kinetics clata, Szwarc calculated the following rate expressio~i 

The activation energy was identified with the bond dissociation energy of the 
first hydrogen in tolucnc, and this was then used to  calculate the standarcl heat 
of formation of the benzyl radical. 

In the present study the work of Szwarc on the pyrolysis of toluene has been 
repeated and extended in an attempt to assess the uncertainty in the figure 
for the heat of formation of the benzyl radical derivecl from measurements 
on the rate of this reaction. 

Apparatus and Procedure 
The flow type apparatus shown in Fig. 1 is similar to that used by Szwarc. 

Toluene was evaporated from A ,  which was held a t  constant tempel-ature, 
through the capillary B into the reaction chamber C in a furnace, and then into 
traps E and F which were immersed in acetone -dry ice mixture and liquid ail- 
respectively. Noncondensable gases were compressed by the diffusion pump G 
and collected by the Toepler purnp in the measured volume H where the pres- 
sure was measured with a NIcLeod gauge. 

The pressure in C was regulated by the capillary a t  D and measured with a 
wide diameter n~anon~eter ,  using a cathetometer for measurements. Throughout 
the work several reaction chambers were used, varying in size from a fcw cubic 
centimeters to 450 cc. The chamber used for the rate experiments listed below 
was 1.7 cm. in diameter and 24 cm. long. 

T o  prevent condensation of material not volatile a t  room temperati~re, the 
capillary D was surrounded by a box thermostated a t  100°C. The line leading 
from this box to the trap E was heated to 100' also. 

For experiments where dibenzyl and other compounds were introduced ifito 
the toluene stream, a fine capillary and reservoir were connected as  shoivn a t  I. 
This assembly was all glass and was surrounded by a thermostated box, thus 
making it possible to raise the vapor pressure of material, such as bibenzyl, 
high enough so that the flow could be easily regulated. 
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At the conclusion of a run the contents of traps E and F were combined. 
Solid material, such as bibenzyl, which had collected in the stem of trap E 
was washed down by refluxing the liquid in E. The trap was then cooled to 0°C. 
and everything volatile a t  this temperature transferred by distillation to a high 
efficiency vacuum still. Experience showed tha t  this provided a sharp separation 
of the high and low molecular weight material. The  residue from this distillation 
will be termed 'nonvolatile material'. 

The low molecular weight material consisting of toluene, etc., was subjected 
to  fractionation in the vacuum still. Here it was found possible to  remove 
dissolved gases quantitatively. When present, these were characterized by the 
mass spectrometer. 

This still also permitted the concentration and determination of the benzene 
and the removal of the excess toluene from the higher boiling residue. 

T o  obtain the nonvolatile material, the trap was removed, weighed, and the 
contents washed out with a suitable solvent. The  trap was then weighed again. 
Samples of dibenzyl passed through a warm furnace were co~npletely recovered, 
thus proving the reliability of the method. 

In all the work reported here, Phillips Research Grade toluene was used. 
Bibenzyl was supplied by Brickman and was purified by recrystallization from 
ethanol. 

Qualitative Observations 
Szwarc found that  when toluene was pyrolyzed to  about one per cent conver- 

sion and then distilled and pyrolyzed again, the rate had decreased the second 
time and products which had appeared the first time were not present in the 
second experiment. Moreover, he fou~ld that he could get consistent rate data  
from toluene obtained from different sources only by using the above procedure. 
He concluded that the first pyrolysis removed interfering impurities and hence 
purified all his toluene for rate measurements by this method, and named i t  
prepyrolysis. 

In some pyrolytic reactions, such as  that of butane, inhibiting materials are  
produced which are difficult to remove by distillation. The possibility that  such 
materials may be produced in toluene, however, is not important because 
toluene itself is an excellent inhibitor a t  these temperatures and would be 
present in overwhelming proportions. From this point of view, prepyrolysis 
appears to be a valid way of removing impurities which are less stable thermally 
than toluene. Four repeat experiments were performed a t  constant temperature 
and contact time using distilled toluene from the preceding experiment each 
time. The data for these experiments are given in Table I. 

Noncondensable gases were formed in pyrolysis and collected and measured 
as  indicated above. These were consistently a mixture of methane and hydrogen. 
I t  will be seen from Table I that the rate of production of these gases was 
higher in fresh toluene than in the prepyrolyzecl material. At the temperatures 
used in the above experiments, it reached a stable value after one pyrolysis, 
but in other experiments where the conversion was lower, two or three successive 
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passes were needed to reach a steady value. These observations are consistent 
with the belief that an impurity is being removed. 

Analysis of the methane-hydrogen ratio for the experiments in Table I was 
made on a mass spectrometer, and it was found that the uncertainty in the 

TABLE I 

I 

Expt. 
No. 

1 
2 
3 
4 

Average 
2-4 

Hydrogen 
+methane 

Toluene 
X 102 

1.71 
1.50 
1.49 
I .48 

1.49 

Hydrogen 

Toluene 
X 102 

Molar ratios of products 

Methane 

Toluene 
X 102 

Benzene 

Toluene 
X 102 

Styrene 

Toluene 
X 10' 1 Toluene 

x 10' 1 
Non- 

volatile 

Toluene 
X lo2 

determination was larger than for a combustion analysis. The apparent increase 
in the methane production with successive pyrolysis as indicated in Table I 
is probably not real. Subsequent combustion analysis for a number of experi- 
ments showed the hydrogen content in the noncondeilsable gas to be 69% and 
this figure was essentially independent of reaction parameters such as tempera- 
ture and contact time. 

When the contents of the dry ice trap were distilled, four distinct fractions 
were obtained. The first fraction was made up of gaseous material which was 
shown by analysis on the mass spectrometer to  contain numerous hydrocarbons 
with two to four carbon atoms. These materials did not appear in prepyrolyzed 
toluene and were not investigated further. 

The second fraction in the distillation was shown to contain benzene. This 
was characterized by its boiling point, freezing point, and ultraviolet absorption 
spectrum. Since it was very desirable to obtain a quantitative estimate of the 
benzene, the following procedure was developed. 

The fractional distillation was carried on until the vapor pressure indicated 
in the still head a t  O°C. was that of pure toluene. The fraction so obtained was 
weighed and was found to contain between 15 and 50% benzene in toluene. 
The exact quantity was determined by spectrophotometric analysis. Tests with 
prepared solutions of comparable concentrations to those expected from pyroly- 
sis showed that by this method of concentration the quantity of benzene pro- 
duced could be estimated within 10%. This estimation was carried out only for 
the experiments listed in Table I, where the values found are recorded. 

The third fraction in the distillation was the toluene left over from reaction. 
No evidence of any other material was found in this. 

The fourth fraction or residue of the distillation was the one or two cubic 
centimeters left when the distillation was stopped. This was examined spectro- 
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- OBSERVEO S P E C T R U M  

-.- TOLUENE COllTRlBUTlOLl 

---- CORRECTED FOR PRESENCE 
O F  TOLUENE 

I 

2800 2900 3000 3 100 

A 2 
FIG.  2. Absorption spectrum of  the distillation residue. 

photometrically and, as shown in Fig. 2, there was distinct evidence of the 
presence of styrene. Most of the styrene spectrum is masked by the toluene 
which is present in large excess, but this one peak allowed its characterization 
and estimation. Again, this determination was carried out only for those experi- 
ments listed in Table I and the values found are shown there. In spite of their 
constancy, the absolute values are not reliable since no attempt was made to 
determine the amount of polymerization which might take place. 

I t  was observed that the nonvolatile material was an oil rather than the 
crystalline solid expected. Its ultraviolet absorption spectrum indicated a 
compound containing the diphenyl nucleus. A sample was distilled and a 
combustion, performed on a portion of the fraction having the strongest ultra- 
violet absorption, indicated a carbon to hydrogen ratio of unity. From this i t  
was suspected that one or more isomers of diinethyl diphenyl were present. 

An oxidation produced a crystalline material which, when titrated with 
sodium hydroxide proved to have two acid groups per molecule, assuming the 
molecular weight of diphenic acid. The absorption spectrum of the oxidized 
material was stronger than that of the original, a fact which would be expected 
of diphenic acid but not benzoic acid. Thus i t  was established that the acid as 
titrated was not benzoic acid and hence could not have arisen from the oxidation 
of bibenzyl. 

A 1 gm. sample of the nonvolatile fraction was separated into several fractions 
chromatographically, and their boiling points and physical appearance indicated 
in Table 11. 
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TABLE I1 
DESCRIPTION O F  CHRO>lATOGRAPHIC FRACTIONS INTO WHICH THE NONVOLATILE MATERIAL WAS 

DIVIDED 
- -- 

I I 

Colorless liquid 
Moist solid 
Liquid 
Moist crystals 
Solids (identified as  anthracene) 

Fractiol~ 1 

The melting and boiling points of the various isomers of dimethyl diphenyl 
are shown in Table 111. 

In Fig. 3 are shoivn absorption spectra characteristics of the various fractions 
of the chromatogram. In Fig. 4 are shown the absorption spectra for the sym- 
metrical isomers of dimethyl diphenyl. 

I 

FIG. 3. Absorption spectra of the various fractions of the chro~natogratn of the nol~volatile 
fraction. 

FIG. 4. Absorption spectra of the symmetrical isomers of dimethyl diphenyl. 

Physical appearance B.p., 'C. E i g h t ,  gm. 
I- I 

In addition to the above information, it was found, by making up synthetic 
mixtures, that in a chromatographic separation bibenzyl and 33' dimethyl 
diphenyl are eluted together. 

From this information, it was concluded that fraction A probably was a 
mixture of 22' and 23' dimethyl diphenyl, fraction B was probably bibenzyl 
and 24' and 33' dimethyl diphenyl, while fractions C and D may be mixtures 
of the more strongly absorbing isomers such as 33', 34', and 44'. 

Finally, bibenzyl was separated from fraction B by fractional crystallization 
from alcohol a t  O°C. I t  was characterized by its infrared spectrum. 

From the chromatogram it may be concluded that the nonvolatile nlaterial 
contains more than one of the isomers of dimetl~yl diphenyl and that bibenzyl 
may make up as little as fifty per cent of the nonvolatile material. 
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TABLE 111 
MELTING A N D  BOILING POINTS OF THE ISOhiERS 

OF DIMETHYL DIPHENYL AND OF UIBENZYL 

I I 
Isomer 1 M.p.,"C. 1 B.p.,"C. 

22' Diniethyl diphenyl 
23' Dimethyl diphenyl 
24' Dimethyl diphenyl 
33' Dimethyl diphenyl 
34' Dimethyl diphenyl 
44' Dimethyl diphenyl 

Bibenzyl 

Rate Stzdies 

For studies on the rate of pyrolysis of toluene, Szwarc's procedure of measuring 
the sum of hydrogen plus methane was adopted. These two products are easy 
to collect and estimate and it has been demonstrated that the relative propor- 
tions of products do not vary with various conditions of pyrolysis. 

A series of experiments where the production of hydrogen plus methane was 
measured as a function of contact time, pressure, and surface conditions in 
the reactor, all a t  a fixed temperature of 1121°1<., were performed. The data 

o b 1 I I I I 
I . 2  3 4 5 6 

GONTAGT TIME [ S E G . )  

FIG. 5. The variation of the first order rate constant with contact time. 
0 Pressure about 1.2 cm. Hg. 

Pressure about 2.0 crn. Hg. 

are recorded in Table IV as per cent decomposition assuming the Szwarc mech- 
anism. Calculated values of the first order rate constant are also listed. A plot 
of these data is shown in Fig. 5 where the calculated first order rate constant 
k (sec.-I) is plotted against the contact time t(sec.). 

For experiments 5 to 9, the pressure was held constant and the contact time 
varied by changing the rate of flow; the results are indicated by the circles in 
Fig. 5. I t  will be noted that there is a definite variation of k with contact time. 
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Experiments 10 to 14 were performed with varying pressures and contact 
times. The results are represented by squares in Fig. 5, and it  is possible there 
to separate the effect of the two variables. At  low contact times the pressures 
were comparable with those of experiments represented by the circles. How- 

TABLE IV 
EFFECT OF CONTACT TIME, PRESSURE, AND SURFACE ON THE RATE OF FORMATION OF H p  AND 

CH4 AT 1121°E(. 

Expt. Pressure, 1 Contact time, 1 % I k ~ ,  
No. cm. Hg sec. Decon~positiorl set.-I 

ever, a t  larger contact times, i.e. around 0.4 sec., the pressures in the 
experiments, represented by the squares, were higher and it will be noted that 
this has affected the rates, making them somewhat greater. 

For experiments 15 to 17, a piece of silica tubing was inserted in the reaction 
chamber. Experiment 15 was performed in the fresh clean chamber and it  is 
coinparable in pressure and contact time with experiment 6. I t  will be noted 
that the rate of decomposition has nearly doubled. Experiments 16 and 17 
were performed after the chamber had been subjected to conditions suitable to 
carbonizing, i.e. several experiments were conducted and toluene vapor allowed 
to stand in contact with the chamber for some time. I t  will be noted that this 
conditioning of the surface does affect the rate and presumably a steady value 
would eventually be reached. Experiments 5 to 17 were performed afterinany 
previous runs in the saine reactor, and it  is unlikely that there would be any 
variation in the surface conditions of the reactor throughout the series reported 
here. 

These experiments do indicate, however, that the calculated first order rate 
constant does vary with pressure, coiltact time, and the condition of the surface 
reactor. 

A series of experiments was performed in which the contact time was kept 
coilstant a t  .068 sec., and the temperature was varied. The first order rate 
constants were calculated; a plot of log k vs  1 / T  is shown in Fig. 6. An activation 
energy of 90 kcal. is indicated for the process. 

Note: This  paper was prepared prior lo the publicatio7z of Auderson, Scheraga, and V a n  
Arlsdale7z, J .  CRem. Phys. 21: 1258. 1953 i n  which they claitn a valzle of 89.5 kcal./mole for the 
bond dissociation energy of the f rsr hydrogen i n  lolzcene. The correspo?~de?~ce i s  coincidental as i s  
shown by argz~met~ts presented here. 
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FIG. 6. The Arrhenius plot a t  constant'contact time. 

GENERAL DISCUSSIOK 

The findings in the present work differ in some details froin those reported 
by Szwarc, notably the identification of diinethyl diphenyl, the value for the 
activation energy, and the failure to obey a first order rate law. 

At  first it was thought that the presence of dimethyl diphenyl indicated a 
possible imperfection in the reaction mechanism suggested by Szwarc. However, 
from work done on the pyrolysis of bibenzyl, which is reported in an appendix 
a t  the end of this paper, i t  was found that bibenzyl ~indergoes reactions in the  
furnace a t  the temperatures used wlrich produce hydrogen and diinethyl 
diphenyl. Thus it [night reasonably be assunled that  dimethyl diphenyl is 
produced by side reactions of either benzyl or bibenzyl in the toluene pyrolysis. 

In Table I it will be seen that  the amount of bibenzyl collected is significantly 
less than that  predicted by the Szwarc mechanism. If, however, we refer to  
Fig. 8 of the appendix, we see that  in the reactions of bibenzyl or benzyl a 
significant quantity of bibenzyl is lost also. In fact, for the bibenzyl to toluene 
ratios found in the experiments in Table V, the anlount of bibenzyl lost is 
allnost exactly the difference between the ainouilts found and the amount 
predicted by the Szwarc mechanism. Thus, it seems reasonable to  assume 
that  the loss of bibenzyl can be ascribed to side reactions of benzyl or bibenzyl 
in the toluene pyrolysis. 

The above side reactions were not observed by Szwarc and in anticipation of 
the criticism that  unsuitable reaction conditions were used, it might be pointed 
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out that in the course of this work reaction vessels varying in size from about 
450 cc. (the size used by Szwarc) to a few cubic centimeters were used. Conver- 
sions from 0.075y0 to 3y0 were obtained and in no instance was the nonvolatile 
material found free of dimethyl diphenyl. Contact times were varied fro111 

sec. to  several seconds without marked effect on the production of dimethyl 
diphenyl. 

Szwarc introduced reaction [4] 

to  explain the production of benzene and methane. This reaction has not been 
confirmed by any other system where a reliable source of hydrogen atoms 
existed under conditions of the toluene pyrolysis experiments. However, in the 
reactions of benzyl or biknzyl to  produce hydrogen as reported in the appendix, 
it is difficult to postulate a nlechanisnl not involving hydrogen atoms because so 
little stilbene is formed. No methane is formed and the conclusion would seem 
to  be that reaction [4] does not occur. 

If, in fact, the bond dissociation energy for CGH5CH2-H is significantly higher 
than the value suggested by Szwarc, it would then be reasonable to postulate 
reaction [6] as  proceeding concurrently with reaction [l] and this would explain 
the occurrence of methane. 

The fact that  the reaction has been shown to  deviate from a first order rate 
expression makes it impossible to assign the observed activation energy to a 
specific step in the process. 

CONCLUSION 

The  present observations on the products of the toluene pyrolysis are consis- 
tent with the basic mechanism suggested by Szwarc. However, the mechanism 
of the production of benzene and methane is not well established. 

The first order rate coilstants are greatly increased by an increase in contact 
time but seem to  be only slightly influenced by increased pressure. The  condition 
of the reactor surface also affects the rate of decon~position. 

In view of these major complications in the kinetics of this pyrolysis and the 
uncertainties in the mechanism, it seems premature to assign any definite value 
to  the bond dissociation energy of toluene. 

APPENDIX 

Pyrolysis of Bibeneyl in the Presence of Toluene 
The identification of dimethyl diphenyls in the products of the toluene 

pyrolysis brings up the question of their origin. In order to determine whether 
or not they were products of reactions of benzyl radicals or bibenzpl, bibenzyl 
was pyrolyzed in toluene under conditions similar to  those where toluene 
pyrolysis has been studied. 

These experiments were carried out in the same apparatus used for the toluene 
studies but  modified so that  bibenzyl could be added t o  the toluene stream in 
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controlled amounts. This was done as shown in Fig. 1. Bibenzyl was degassed 
in a sample tube with a delicate internal seal which could be broken with the 
help of a magnet and a sealed-in armature. This arrangement eliminated the 
use of grease for joints and could be heated to  a high enough temperature so 
that an appreciable vapor pressure of bibenzyl was produced. The whole assembly 
was enclosed in a thermostated box, and flow rates of bibenzyl were regulated 
by manipulating the temperature of the box. 

Products of reaction were analyzed as above. Since the amount of bibenzyl 
introduced was known it was possible to determine the amount lost in reaction. 

Only a limited number of experiments were done and these are reported in 
Table V. Experiments 1 to 4 were performed a t  the same temperature but with 
varying concentratio~ls of bibenzyl. At this particular temperature and contact 
time, toluene is pyrolyzed to  the extent of 0.73%. Blank runs with toluene were 
made and the contribution of toluene to the products has been subtracted for 
all products listed in Table V. 

*Toluene was replaced 

TABLE V 
DATA FOR THE PYROLYSIS OF BIBENZYL 

1 I 

Stilbene Anthracene 
Temp., H2/BB - 

O K .  B B B B 
x 102 x loP 

L~~~ Co~ltacl 
- time 
BB X102 

sec. 

I 

y carbo?t dioxide. 

0 L O 5 5  O F  B l B E N Z l L  

I3 P R O D U C T I O N  OF H*OROSLN 

Optical 
density 

Der 

FIG. 7. The effect of the bibenzyl to toluene ratio on the production of hydrogen and the 
loss of bibenzyl. 
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FIG. 8. T h e  effect of the bibenzyl to toluene ratio on the optical density of the nonvolatile 
fraction at 2515 A. 

Experiment 5 was performed substituting carbon dioxide for toluene. The 
carbon dioxide was collected in a liquid air trap instead of the dry ice acetone 
used for toluene. 

Experiments 6 to 8 were performed a t  lower temperatures to give some 
indication of the effect of temperature on the various products. 

The various conversions are plotted as a function of the bibenzyl to toluene 
ratio in Figs. 7 and 8. 

Observations 

I t  will be noted that 110 methane is formed in the reactions involving benzyl 
and bibenzyl. 

Hydrogen is formed in relatively large quantities compared to stilbene and 
anthracene. Also the presence or absence of toluene has little effect on the 
hydrogen produced. The production of hydrogen appears to reach a limit of 
about 20y0. If the production for experiments 3 and S is compared, this figure 
does not seein to be much affected by temperature. However, the data are too 
sparse to draw any definite conclusions here. 

The production of stilbene, which was determined by its ultraviolet absorption 
spectrum, does not seem to be much influenced by the ratio of bibenzyl to toluene 
in the range investigated. However, in the absence of toluene as shown in experi- 
ment 8, the yield is increased inany times. 

Anthracene production, also determined by its ultraviolet absorption spec- 
trum, does not seem to be affected by any of the reaction parameters studied. 

The disappearance of bibenzyl, pres~~mably in the form of toluene or benzene, 
is interesting and the'magnitude of this loss is of special interest in deciding on a 
niechanism for the toluene pyrolysis. In Fig. 7 the result for experiment 1 is 
ignored since it is so far out of line with the other observations. There was, in 
fact, some difficulty in the measurement of this particular value. 

The loss seems to increase as the proportion of bibenzyl increases. When the 
ratio of bibenzyl to toluene is about 0.01, the loss of bibenzyl is about 15%. 
In the absence of toluene, the loss is 1nuc11 greater as indicated by experiment 5. 

The determination of the absorptioil spectrum showed that the same opti- 
cally active species produced in toluene pyrolysis was present, i.e. dimethyl 
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diphenyl. A relative measure of its proportion can be obtained by expressing the 
optical density of a solution of the nonvolatile fraction of fixed concentration 
in ethanol. This has been done, as shown in Table V, the units chosen being 
1 mgm./liter for concentration and a wave length of 2515 A, which is the peak in 
the absorption curve. 

From Fig. 8 it can be seen that the optical density of the nonvolatile product 
increases steadily with increasing proportions of bibenzyl. Experiment 5 shows 
the production of dimethyl diphenyl to be increased in the absence of toluene. 
Experiments 6 and 8 show it  to be definitely affected by temperature. 

The optical density of bibenzyl a t  this wave length is about 1.2 X 
which is one order smaller than the figures found for the nonvolatile material. 

Discussion 

The data are too meager to permit detailed discussions, but some points have 
been established. 

I. No methane was formed in the presence of toluene, although considerable 
hydrogen was produced. In view of the fact that there was more hydrogen than 
stilbene, i t  seems likely that hydrogen atoms were in existence a t  some time in 
the reaction. This would seem to cast some doubt on the feasibility of the 
reaction 

H + CGHjCH3 -+ CGHG + CH3. 
2. Benzyl radicals or bibenzyl can take part in seconclary reactions a t  the 

temperatures where toluene pyrolysis takes place. This results in the loss of 
bibenzyl and the production of hydrogen and dimethyl diphenyls. 

3. Some reactions such as stilbene formation and loss of bibenzyl are difficult 
to explain without assuming the presence of bibenzyl molecules in the system. 

4. We are indebted to Dr. M. Szwarc for the suggestion that styrene and 
climethyl diphenyl might arise by an intramolecular hydrogen transfer in 
bibenzyl. 
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ESTIMATION OF CARBOXYL, ALDEHYDE, AND KETONE 
GROUPS IN HYPOCHLOROUS ACID OXYSTARCHESl 

ABSTRACT 

Purified wheat starch was oxidized a t  room temperature in approximately 
0.05 to 0.09 A[ hypochlorous acid, preferably buffered to pH 4.0 or 4.2 with 
calcium acetate - acetic acid. The chemical efficiency of the oxidant was a t  least 
56%. The fractions of oxystarch, insoluble and soluble in water, were isolated in 
a combined yield of 93yo to 95%. 

So prepared, the water-soluble fraction (about 75% of the oxystarch) contained 
45 to 58 mM. of carboxyl groups per anhydroglucose unit, probably all as ~ l ro t~ ic  
acid. Carbor~yl groups an~our~ted to 52 to 54 mM., 65% to 80% being aldehydes 
i t1  the primary alcohol positions, and roughly 9% being ketone groups in the 
second positions. Between SOYo and 90% of the total oxidation therefore concerned 
primary alcohol groups. Various estimations for carboxyl, total carbonyl, and 
aldehyde groups were compared. 

INTRODUCTION 

Although technical infornlation is readily available about the use of chlorine 
water and aqueous hypochlorite for the preparation of valuable starch dex- 
trins (16, 17, 21), knowledge concerning the detailed chemistry of the oxida- 
tions is still scanty. According to  Craik (5), Fletcher and Taylor ( lo ) ,  and 
Samec (23, 24), chlorine water or l~ypocl~lorous acid oxidized starch granules 
or "beta-amylose" (the "branched chain" fraction) a t  lo0 to  25°C. very slowly 
and after induction periods of varyinglength. The viscosity and the osmotic 
n~olecular weight of the starch decreased, but the lability toward alkali, the 
reducing power, and the acidity increased. The  rate of oxidation was greatest 
in a neutral system; the reducing power sometimes passed through a inaxinlum 
(10,16), and about half of the carboxyl groups were of the uronic acid type (15). 
Oxidations with alkaline hypochlorite yielded less viscous clextrins of smaller 
reducing power and with fewer carboxyl groups (7, 15, 22, 25), probably be- 
cause the alkali cleaved the oxystarch molecules a t  their reducing units to 
readily soluble substances. 

The  object of the present research was to prepare in a reproducible way a 
highly reducing, hypochlorous acid oxystarch with a minimum amount of 
degradation and to  study the product by methods already described in detail 
for chromic acid oxystarch (6). I t  was therefore considered advisable to avoid 
the use of heterogeneous systems containing unbroken starch granules, to  use 
the shortest practical time of oxidation, and to carry out the reaction on the 
acid side of neutrality a t  a controlled pH. The  last-named factor appeared 
particularly important, because the equilibria 
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CI? + HtOF? Hf  + C1- + HOCl 
HOCIF? H+ + OCI- 

contained three oxidants that might not have the same chemical action. 
According to the review by Green (13), a t  25°C. the equilibria contained 20% 
of molecular chlorine a t  pH 2, a t  least 95% of undissociated hypochlorous acid 
between pH 4 and 5, and even greater amounts of the dissociated hypochlorite 
ion in the alltnline range. 

A purified, thin-boiling wheat starch was accordingly oxidized in an  appar- 
ently homogeneous, dilute dispersion with an  excess of hypochlorous acid, and 
the reduction of the acid was followed with concordant results either iodo- 
metrically or by the arsenite method. The fact that blank oxidizing solutions 
containing no starch decreased in titer when kept on the acid side of pH 5 
(Table I )  created an ambiguity in the calculation of the millilnoles of hypo- 
chlorite reduced (or of oxygen atoms consumed) per anhydroglucose unit in 
the starch. Neglect of the change in the blank, which led to  the first figure in 
column 4, was equivalent to the assumption tha t  the presence of the starch 
prevented the spontaneous decomposition of the hypochlorite, just as  the 
presence of cellulose seemed to stabilize solutions of hydroxylamine hydro- 
chloride (12) and of sodium cyanide (4). The  second figure in column 4, which 
took account of any decrease in the blank, occasionally led to the erroneous 
conclusion that the oxidation decreased with time (e.g. Expt. 6). The first 
figure was probably a better approximation than the second to the true extent 
of the oxidation. Although only one example is quoted for each oxidation, 
duplicate or triplicate experiments were performed in each case with res~rlts 
that in general agreed to within f ST0. 

The  oxystarches described in Table I were isolated as  calcium salts insoluble 
(column 5), and soluble (column 6) in water, the latter fraction being precipi- 
tated by the addition of two volumes of ethanol to the mother liquor. Although 
the total yield a t  pH 1 was high (column 7), the blanlts were very unstable 
and the oxidation was slow. Oxidations with unbuffered hypochlorous acid 
were less reproducible than the others; a suspension of calciunl carbonate 
proved inadequate as a buffer, and phosphate buffers were rejected because no 
satisfactory way was found of eliminating the phosphate ion from the product. 
Details of these oxidations have been omitted from the Experimental portion. 
Calcium acetate - acetic acid buffers a t  pEI 4 to 4.2 were found to be most 
convenient; the oxidation proceeded rather rapidly, the blanks were fairly 
stable, and the products were readily isolated. Such oxidations gave 93% to 

yields of oxystarch near pH 4, but,  near pH 5.5, were extensive enough 
to diminish the total yield to  78Y0. When the water-insoluble products from 
oxidations a t  pH 4.2 and 4.0 were reoxidized under the original conditions, 
the new yields were 48% and 52% of water-soluble, and 16yo and 17% of 
water-insoluble oxystarch, corresponding to over-all recoveries of (34% and 
69y0, respectively. In these cases about one-third of the oxystarch became 
soluble in 60% ethanol when reoxidized. 

Since the water-soluble fractions from the oxidations had been kept in the 
form of calcium salts, incineration left a residue of calcium oxide the weight 
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TABLE I 
OXIDATION OF 0.123 A l  STARCH SOLUTION WITH HYPOCHI.OROUS ACID NEAR 20°C. 

Hydrochloric acid: p H  1 ;  initial blatzk 75.5 m M d .  

Expt. 

Unbzlffered: p H  3.3 to 1.4; initial blank 6 2  nzAl. 

Millin~oles HClO Oxystarch, 7,' 
Hours 

Calciz~m carbonate: p H  6.1 to 3.4; initial blank 6 7  m M .  

I I I I 

Calcizrm acetate: b H  4.0: initial blank 124 mil f .  

Sodizrm phosphate: p1I 5.2'; initin1 blank 49.3 ?nM.  

4 

Calcizr?n acetate: p H  5.5 to 5.2; initial blank 7 0  mM. 

a I n  mill~intoles of hypochlorozrs acid per liter. 
b ~ i l l i a t o m s  of oxygen per glz~cose residzre. 
'Fraction insoluble in water, and fraction solzrble in water, insoluble i n  60% ethanol. 
d ~ o l u t i o n  0 .13 '  M i n  starch. 
eContained 1 0 . 3 ~ o  of ash. Insolzrble fraction not isolated. 
'~ i sod izrn t  hydrogen phosphate, 0.6 M,  plzrs phosphoric acid. 
aNondialyzable fraccion. 
h ~ o l u b l ~  fraction front a duplicate experiment. A s h  content 30%. 

Calcium acetate: p H  4.2; initial blank 1 0 5  mill. - 
275-165 1 18 1 g::: 1 278-165 1 1 7 . 5  1 75.5 1 9 . 3  

6 
9 

12 

of which was equivalent to  the total carboxyl content of the oxystarch (8). 
An alternative estimation, in which the calcium was precipitated as the oxalate 
(2, 11) gave concordant results (Table 11).  A comparison of columns 4 and 5 

119 
118 
118 

160-120 
220-170 
22CF170 18.5 77 
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dfcKrLLICAN AA'D I'URI'ES: HYPOCHLOROUS ACID OXI'STARCHES 

TABLE I1 
CARBOXYL AND CARBONYL CONTENTS OF OXYSTARCH FRACTIONS SOLUBLE AND 

INSOLUBLE I N  WATER 

I I I I 

I I 

1 ' Hydrochloric acid, p H  1 

Millimoles COOHa 
E x p t  1 Fraction 1 '%cab 

Total I Uronic' 

1 So'uble 1 0.40 1 
Zt 1 Insoluble 

Millimoles COa 
-- 

NHzOH.HCI I HCN 

3 Calciz~m carbonata, p H  6.1-3.4 

Insoluble 

4 Calcium acetale, p H  4.0 

;Per anhydroglucosr un i t  (mol. wt., 162)  of starch. 
By ashing sam$le. Corrected for 0.11 % ash i n  original starch. 

' A S  oxalate. 
d ~ y  calcizrm acetate method. 
eAnalyses by A .  S. Pcrlin. Corrected.for 0.4% of apparent uronic acid groups i n  original sturch. 

50.8 

- 

suggested that most, if not all, of the carboxyl groups were of the uronic acid 
type. Little importance was attached to the 30% discrepancy between the  
figures for total carboxyl and for uronic acid, because the latter estimation 
was often inaccurate when applied to plant materials (28) and to oxycelluloses 
(19). The  insoluble fractions were converted to the acidic oxystarcl~es, whose 
carboxyl content was measured by the amount of acetic acid that  they 
liberated in a calcium acetate solution. 

The  total carbonyl content of the oxystarches was determined by conden- 
sation with hydroxylamine hydrochloride (liberation of hydrochloric acid), 
and also by the saponification of the cyanohydrin to ammorlia (4). Since the 
agreement was good (Table 11, columns 6 and 7), it appeared that the hydroxyl- 
a~n ine  hydrochloride estimation was valid for hypochlorous acid oxystarches, 
whereas this estimation gave low results with chromic acid products (6). 
Table I1 shows that the soluble fraction was usually more highly oxidized 

5 Calciu?n acetate, p H  4.2 

Soluble 

Insoluble 

Soluble 

Insoluble 

32" 

0.545 
0.530' 

7 Calcium acetate, p H  5.5-5.2 1 b e  1 "4 1 3  1 - b" - 
Insoluble - 

76 1 
47d 

I 

0.715 
0.7OOc 

58 

54 

57 

52.3 

11.2 

54.4 

- 
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than the insoluble fraction of the oxystarch, and that the latter fraction was 
practically nonreducing when prepared a t  pH 5.5. 

If i t  was assumed thal  all of the carboxyl groups originated f ro~n primary 
alcohol units in the starch, each group represented the consumption of two 
atonls of oxygen from the hypochlorous acid. The data  in column 4 of Table 11, 
when ,multiplied by the corresponding fractional yields of the soluble and 
insoluble portions of the oxystarches (Table 1, columns 5 and 6), gave the 
results shown in colurnn 3 of Table 111. In the same way, column 4 of Table 111 

TABLE I11 
RECOVERY OF OXIDANT I N  HYPOCHLORITE OXTSTARCHBS 

I I I I 

1 Hydroclrloric acid, pH 1 

Expt. 

Soluble 1 1 1 s o I u b  7 1 : 68.4 1 280-150 1 24-4i 

LIilliatorns, osygen recoveredn 
Fractior~ oxygen 1 As C O O H ~ J  As COG ( 7'otald expendede 1 

3 Calcium carbonate, p H  6.1-3.4 

I 

4 Calcium acetate, p H  4.0 
I I I I I I 

5 Calcium acetate, p H  4 .2  

Soluble 1 70 I Insoluble 1 12 1 'i 1 124 I 220-170 

Soluble 87.13 40.8 1 I ~ s o I u ~ I I  10.5 10 1 145 1 278-165 1 52-88 

7 Calcium acetate, p H  5.5-5.2 

56-73 

Soluble 1 n o e  1 4 1 2 1 390 1 56 
- - -  

aAlultiplied by fractzion yields of soluble and insoluble portions (Table I ) .  
b ~ w o  atoms of oxygen assz~med to produce one carboxy group (Table 11). 
'One  atom of oxygen assl~?ned to prodz~cc one cnrbonyl group (Table 11). 
d ~ e r  anhydrogl?~cose u n i i  i n  oxystarch. 
eFroln Table I .  

denoted the amount of oxidant corresponding to the carbonyl contents, each 
carbonyl group requiring the expenditure of one atom of available oxygen. 
The total expenditure for each oxidation was then expressed as a percentage of 
the hypochlorous acid reduced (column 6 ) ,  the range in percentage being 
created by the range of values noted in Table I ,  column 4. These percentages 
show that much of the hypochlorous acid was expended in oxidizing a relatively 
small portion of the starch to substaizces soluble in 60% ethanol (7, 10). 
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Even so, the efficiency of 52% to 8870 noted in the oxidations a t  pH 4.0, 4.2, 
and 5.5 coinpared favorably with the values of 3,570 to 55% found for similar 
oxidations of cellulose (18). 

As already noted, the total carbonyl contents of the water-soluble oxystarch 
fractions made a t  pH 4 and 1.2 were 54 and 52 mhlI. per glucose unit, respec- 
tively. When reoxidized with alkaline hppoiodite in an attempt to determine 
the aldehyde groups selectively, no less than 109 and 92 nlM. of apparent 
aldehyde were found. Thus hypochlorite oxystarches, unlike chromic acid 
products (6), were too sensitive toward alkali to be examined satisfactorily in 
this way. Titrations of the amount of sodium bisulphite solution "bound" by 
the oxystarch fractions, however, showed that 30 mM. of apparent aldehyde 
was present in each oxystarch fraction. The best method found was to re- 
oxidize the starch fractions in almost quantitative yield with excess chlorous 
acid and to assume that the remaining carbonyl groups were all ketone groups. 
Hydroxylamine hydrochloride estimations made on the calcium salts then 
showed that 16, 21, and 19.3 mM. of ketone groups, or 30 f 5 %  of the total 
carbonyl groups, were present in the starch originally oxidized with hypo- 
chlorous acid a t  pH 1. Icetone groups amounting to 10, 12, and 13 mM. per 
glucose unit, or 22 f 3 %  of the total carbonyl content, were found in the sample 
oxidized with hypochlorous acid a t  pH 4.2. Since there was evidence that 
most, if not all, of the 15 and 58 mM. of carboxyl groups in the two oxystarches 
were derived from aldehydes, 80 to goy0 of the entire oxidation of starch with 
hypochlorous acid had occurred in the sixth or primary alcohol positions of 
the anhydroglucose units. The assumption, of course, was that hypochlorous 
acid did not oxidize starch to the 2,3-dialdehyde structure produced by highly 
selective agents like periodic acid. 

The previous adaptation (20) of Kiliani's classic method of locating the 
ketone group in fructose was used to determine the positioil of some of these 
groups in the above oxystarches. A large, composite sample, averaging about 
16 mM. of ketone per anhydrogl~lcose unit, was condensed with aqueous 
sodium cyanide, and the nonreducing adduct was hyclrolyzed to glucose and 
sugar acids with dilute sulphuric acid. The reducing power of the hydrolyzate 
corresponded to an 84.5Y0 yield of glucose when estiinated by Hassid's (14) 
method employing alkaline ferricyanide. Since the theoretical yield from 
unoxidized starch was 105y0, about one-fifth of the oxystarch adduct probably 
consistecl of difficultly hydrolyzable aldobiuronic or aldotriuronic acids. These 
acids were isolated as light-brown, a~norphous barium salts in 23.670 yield by 
weight, and their barium content of 1T.2yO was in the expected range. The 
barium in the salts amounted to 4.06y0 (17.2y0 X 23.6y0) of the oxystarch, in 
fair agreement with the value of 4.1y0 calculated from the original carboxyl 
plus carbonyl s~tbstitution. 

The barium salts were then reduced with red phosphorus ancl constant- 
boiling hydriodic acid to partially iodinated substances, which were further 
reducecl with caustic soda and Raney nickel - aluminum to hydrocarbon acicls 
;~llcl lartones. The res~~lt ing pale yellow oil (2.6y0 of the oxystarch) urhen 
f r  ,LC . ti on all^. . distilled gave 14Yo of a frag.1-ant, colorless oil with a composition 
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close to that  of a heptanoic lactone. The  boiling point, density, and refractive 
ilrdex of this product diverged clearly from those recorded for the isomeric 
lactones of 2-ethyl 4-hydroxypentanoic and 4-hydroxy-n-heptanoic acid 
(expected from 3-keto and 6-aldehydo units, respectively, in oxystarch), but 
agreed well with the constants for the lactone of 2-methyl 4-h>rdroxyhcsanoic 
acid.This  identification was con~pleted by preparing a crystalline hydrazide 
from the oil. Since an oxystarch averaging 16 mM.  of ketone groups could 
theoretically yield 1.247, of the above lactone, and (2.6% X 147,) 0.364% 
was actually recovered, about 307, of the ketone groups were in the second 
positions of the anhydroglucose units. This estimate was a minimum because 
the recovery of the lactone from pure fructose was only 70%, and the proper 
value was probably near 407,. On the other hand, the latter figure would be 
excessive if the lactone isolated from the oxystarch was not as pure as it seemed 
to be. 

EXPERIMENTAL 
. . .  

~ a k r i a l s  

The  starch used was prepared from wholly unbleached and untreated top 
patent wheat flour, milled from a hard red spring wheat mixture, comprised of 
No. 2 and No. 3 Northern grades, and containing about 13.5% of protein. 
Extraction a t  room temperature with changes of 977, acetic acid (6) removed 
any fats, modified the starch to  a thin-boiling state, and altered the analyses 
f ron~N,0.09,0 .10;ash ,0 .19 ,0 .19~o toT\T,0.03,0.03;a~h,0.11,0.12,~~for the 
purified product. 

Hypochlorous acid was prepared by adding 40 gm. of calcium hypoclllorite, 
or the equivalent amount of the sodium salt, to  2 liters of cold watersaturated 
with chlorine gas (27). When distilled under diminished pressure and a t  pH 5 ,  
the mixture yielded about 600 ml. of 0.09 to  0.12 N acid. The reagent grade 
acetic acid used in the buffers was freed of any readily oxidizable impyities 
by being boiled with 27, of chromium trioxide before it was redistilled. 

Analytical Afetlzods 

Hypochlorous acid was estimated by acidifying a 5 ml. aliquot, adding 5 ml. 
of lO7* potassium iodide, and titrating the liberated iodine with 0.1 N sodiu~n 
thiosulphate. When any chlorite or chlorate was to be excluded from the 
estimation, the 5 ml. aliquot was added to  20 ml. of standard 0.1 N arsenious 
oxide in neutral solution. An excess of sodium bicarbonate was added, and the 
excess arsenite was titrated with 0.05 N iodine (I) .  A'starch oxidized a t  pH 4 
(Table I )  consumed 15 to 18 ml\'I. of hypochlorous acid per anhydroglucose 
unit as estimated iodometrically, and 16 to 18 mM. by the arsenite method. 
The  results for a sample oxidized a t  pH 4.2 were 14 to  22, and 18 to 21 mM.,  
respectively. 

T o  determine the carboxyl content of calcium salts of the oxystarches, 
0.2 g n ~ .  to 0.5 gnl. samples were ignited to  constant weight a t  750°C. (about 
5.5 hr.). The ash was weighed as calcium oxide, the result was corrected for 
the 0.17, of ash in the original starch, and one mole of the oxide was assumed 
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to correspond to two carboxyl groups. An alternative procedure was to digest 
a 1.0 gm. sample in nitric and perchloric acids (11), precipitate the calcium as 
the oxalate, and ti trate a solution of the latter in sulphuric acid with standard 
potassiun~ permanganate (2) (Table I I ) .  

Estimations for free carboxylic acid groups were made as described by 
Yackel and Kenyon (29) and for total carbonyl, aldehyde, and ketone groups 
according to Ellington and Purves 66). 

Preparation of the Oxystarches (Table I )  
Before each oxidation, the purified starch (10 gm.) was suspended in 50 ml. 

of cold water and was dispersed by adding 100 ml. or 150 rnl. of boiling water. 
The mixture was heated on a steam bath for 10 min. and was cooled before 
use. All oxidations were carried out a t  room temperature in the dark. 

Buffered at p H  1 

.A dispersion of 10 gm. of starch in 150 ml. of water was mixed with 25 rill. of 
concentrated hydrochloric acid diluted 1 : 1 by volume with water, and with 
275 ml. of approximately 0.1 M hypochlorous acid. T h e  mixture was therefore 
0.137 M in starch and about 0.06 M in hypochlorous acid. 

After 18 hr. an excess of aqueous calcium acetate was added to  form the 
calcium salts of the oxystarch, and the mixture was poured into two volumes 
of ethanol. T h e  precipitate was removed on the centrifuge, was extracted with 
water, and the water-insoluble portion was isolated by centrifuging again. The  
addition of two volumes of ethanol to the mother liquor precipitated the water- 
soluble portion, which was washed in succession with alcohol and ether and 
was dried i n  vacuo over phosphorus pentoxide. Average yield 47y0 by weight. 
The water-insoluble portion was freed of ash by immersion in 0.1 N hydro- 
chloric acid a t  O°C. for 30 min., and was recovered b y  pouring the suspension 
into cold ethanol. The precipitate was washed with ethanol until free of the  
chloride ion, then with ether, and was dried i n  vaczlo over phosphol-11s pent- 
oxide. Average yield, 45%. 

Calcium Acetate Buffers, p H  4.0, 4.2, and 5.5 

The buffer for the oxidations a t  pH 4.0 was prepared bj. mixing 500 ml. of 
aqueous calcium acetate (132 gm., 2.7 N )  with 250 rnl. of glacial acetic acid; 
those a t  pH 4.2 required 125 ml. of the acid, and those a t  pH 5.5 only 3 rnl. 
Ten grams of the starch, dispersed in 150 ml. of water, was mixed with 100 ml. 
of the buffer and with 250 ml. of the hypochlorous acid. The  final dispersions, 
which were 0.123 M in starch and 0.07 M to  0.085 M in hypochlorous acid, 
retained their original pH for a t  least 12 hr. 

The oxystarches were isolated by adding two volun~es of ethanol to the  
dispersions, and were separated into water-soluble and water-insoluble fractions 
as  described for the oxidation a t  p H  1. 

Reduction of Oxystarch Cyanohydrin to 2-Methyl 4-Hydroxyhexanoic Lactone 

About 150 gm. of the water-soluble calcium salts of starch oxidized a t  
pH 4 or p H  4.2 with hypochlorous acid was thoroughly mixed and analyzed. 
This oxystarch averaged 53 mM. each of ~ a r b o x y l  and carbonyl groups per 
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anhydroglucose unit, and about 30y0 of the latter were ketones. The published 
method (20) was followed, with the exceptions noted below. 

Ten grams of the oxystarch was kept clispersed in 300 ml. of aqueous 0.38 N 
sodium cyanide a t  pH 9.5 for 24 hr. a t  room temperature. The resulting solu- 
tion of the cyanohydrin, which was almost completely nonreducing to Hassid's 
(14) alkaline ierricyanide reagent, was freed from ammonia and hydrogen 
cyanicle, and was hydrolyzed with boiling 0.5 N sulphuric acid for 5.5 hr. 
After eliminating sodium and calcium ions as the sulphates, the sulphuric acid 
ancl the sugar acids were neutralized with barium carbonate and the clarifiecl 
filtrate was cautiously evaporated under diminished pressure to a thick sirup. 
C:onsiderable difficulty was experienced in removing sugars from this sirup, 
because the barium salts of the sugar acids also present tended to precipitate 
as a sirup from 70y0 ethanol. These salts (2.36 gm.) were eveiltually isolated 
as a light brown, reducing, powder. Found: Ba (as sulphate), 17.1, 17.3y0. 
Calc. for a barium aldobiuronate, (ClzHI9O1?)?Ba: Ba, l6.8Y0. 

An accumulation of 20 gm. of the above barium salts was heated for three 
hours under gentle reflux with 1GO 1111. of constant-boiling hydriodic acid and 
4 gm. of red phosphorus. Water (75 ml.) was then added through the condenser 
and after being cooled the liquor was saturated with ammonium sulphate and 

,was thoroughly extracted with ether. The dried extract was filtered through 
glass wool to remove particles of phosphorus and was allowed to evaporate a t  
room temperature and atmospheric pressure, since the product was found to 
bc quite volatile. This product was dissolved in IGO ml. of 2 N sodium hydroxide 
and was freed from combined iodine by the gradual addition of 3 gm. of Rane?- 
nickel - aluminium alloy (26). When the strongly acidifiecl filtrate was con- 
tinuously extracted for three hours with ether, the extract yielded 2.25 gm. 
(1 I .3y0) of a clear, pale yellow oil. 

A part of this oil (1.28 gm.) was fractionall>- distilled from a seinimicro 
apparatus (3) specially built by N. Allentoff, of Science Service, for distilla- 
tions under diminished pressure. The first fraction, 0.181 gin. (14%), boiled a t  
44" to 4g°C. a t  2 mm. pressure, or a t  50' to 54OC. a t  4 mm.; the refractive index 
was 1.4320, and the density, d'5 0.9801. Found: C, 59.9; H,  8.670; mol. wt. 
(Rast),  136; neutralization equivalent, 132. Calc. for a heptolactone C7Hlz02: 
C ,  65.6; H ,  9.4y0; mol. wt., 128. Synthetic 2-methyl hexanoic lactone-1,l 
boiled a t  48' to 49'C. (2 mm.), had ?:, 1.4332 and G5 0.9806 (20). The boiling 
point and densit), of n-heptolactone were 61' to G'T°C. (2 mm.) and d ,  0.9948, 
respectively, while the density of the isoineric 2-ethyl pentanoic lactone-1,4 
was (1, 0.992 (9). A sample of thc fii-st fraction yieldecl a crude hydrazicle, 
which after recrystallization melted a t  1.14' to 120°C., undepressecl by ad- 
mixture with an authentic sample of Znlethyl 4-l~yclroxyhexanoic hydrazide, 
m.p. 119' to 121°C., kindly supplied by A. S. Perlin. 

The second fraction from the above clistillation, 0.192 gin. (15y0), boiled 
a t  70" to 75'C'. (4 ~nm. ) ,  and had a refractive index, ?:, 1.4405. 1;ound: C,  57.1; 
H ,  8.30j0; neutralization equivalent, 148. Calc. for the lactone of a dihydrox!-- 
heptanoic acid, C7Hl2OS: C, 58.3; H,  8.2y0; neutralization equivalent, 144. 
App;u-entl!. t-he recluction with h~~clrioclic acicl had not been quite complete. 
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IRRADIATION OF AQUEOUS CHLORAL HYDRATE 
SOLUTIONS WITH Co6" GAMMA-RAYS : 

AVERAGE LIFETIME OF THE FREE RADICAL CHAINS' 

\Vhen acl~reous one molar chloral hydrate solutions are irradiated with X ray< 
or gamma-rays, hydrochloric acid is produced. The reaction appears to be a 
chain reaction. The average free radical chain lifetime, as determined using a 
rotating sector, is approximately 0.1 sec 

IN?'RODUCTION 

When aqueous one molar chloral hydrate solutions are irradiated with 
S rays or gamma-rays, hydrochloric acid is producecl. The reaction appears 
to be a chain reaction, and it has been suggested that the average free radical 
chain lifetime is greater than 1/180 sec. (3). The present paper describes the 
cletermination of the average free radical chain lifetime using a rotating sector. 

The use of intermittent illumination to measure the lifetime of the active 
particles in photochemical chain reactions was suggested by Chapman, Briers, 
and Mialters (2). Modifications and extensions of the theory have been made 
by 8lelville (5) and Dickinson (6). The theory can be applied directl! to the 
use of intermittent radiation in radiation chemistry. 

?'he effect of intermittency has been worked out for a simple four step 
mechanism in Noyes and Leighton (6, p. 203), and a simplification of this 
has been elaborated by Burnett and Melville (1). They state that the theory 
is applicable to all chain reactions in which the rate varies directly with the 
square root of the light intensity. 

The average lifetime of the chains, s ,  is defined as 

7 = -- No. free radicals per unit volume 

No. free radicals disappearing per unit volume per  n nit time 

This average lifetime varies with the temperature and with the light in- 
tensity (1,5). 

For very high rates of sector rotation, the reaction rate is independent of 
the rate of rotation. As the rotation velocity of the sector decreases, the value 
of b, the ratio of the length of the period of illumination to the average lifetime 
of the chains under steady illumination of the same intensity, increases, and 
when b is approxin~ately equal to one, the reaction rate begins to decrease. 
When b is approxin~ately one hundred, the reaction rate has reached its lower 
steady value, and is again inclependent of sector speed. The value of b a t  

hfa7tuscTipt ~eceived h'oz~etttbe~ 23, 1953. 
Coalribttiio7t .fro/,/ lhr Depc~rtmenl of Chr?tzislry, Lr?civersily of Snskalchezvan, Snskaloo~r, 

Saskalchman.  
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which the reaction rate begins to decrease depends upon the ratio 
length of dark period 

length of light period ' 
The factor b decreases as this ratio increases. When the ratio of dark to light 
is two, the reaction rate begins to decrease when b is about one (6). 

Thus, to determine the average lifetime of the chains in a chain reaction 
which obeys the square-root law, it is only necessary to measure the reaction 
rates a t  a series of different sector speeds and determine the speed a t  which 
the rate begins to decrease. From this speed the length of the illumination 
period may be determined, and hence the average lifetime of the chains. 

MATERIALS A N D  METHODS 

The one molar chloral hydrate solutions were prepared using May and 
Baker's reagent grade chloral hydrate and triple distilled water (for pre- 
paration of water see (3)). Fresh solutions were macle up for each run. The 
procedure for cleaning glassware and titrating samples was the same as in 
the previous work (3). 

'The irradiation source used was the 1100 curie Co60 bomb a t  the University 
Hospital. 

The rotating sector was a solid steel cylinder, 6 in. in diameter and 1 ft. 
long, with two GO0 sectors cut out on opposite sides. I t  was connected through 
a series of multiple pulleys to a variable speed motor (4). 

During irradiation the test tubes containing the san~ples were placed in a 
lucite block which was fastened to the sector apparatus. 

All dose determinations were made with a Victoreen Model 70 25-r. chamber. 
All samples were .given a dose of about 1100 roentgens. The steady dose 

rate with the sector stationary was about 1260 roentgens per hour. A pair of 
samples was irradiated for 55 min. with the sector stationary, and immediately 
afterwards, another pair of sarnples was irradiated for 165 min. with the 
sector rotating. This was done for each different sector speed. The amounts 
of acid produced in the samples were then compared by titration. 

EXPERIMENTAL RESULTS 

'The solutions received 2.3 a/, more irradiation, as me'lsured with the 
Victoreen, with the sector stationar). for one hour than with it rotating for 
three hours. Therefore the amount of acid produced in 55 min. with the sector 
s ta t io~lar~ .  was multiplied by 0.975 and compared with the amount of acid 
produced in 165 min. with the sector rotating. The r e s ~ ~ l t s  are reported as : 
% difference = 

(acid formed with sector rotating) - (acid fornled with sector stationary) 
X 100 

(acid for~necl with sector stationary) 

(see Table I and Fig. 1). 
'The total observed difference in the amount of acid produced between the 

slowest and fastest sector speeds is 32%. 
The temperature of the samples was held constant during each run, but 

did vary a few degrees from run to run. The average temperature was 25" C. 
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-101 I I I I 
0  I 2 3 

I 1  
4 

LOG L I G H T  P E R I O D  I M S E C . )  

TABLE I 
VARIATION OF ACID PRODUCTION WITII SECTOR SPI:EI) 

FIG. I .  Variatiou in percentage differe~lce i l l  acid produced with sector rotating and 
stationary for different sector speeds. i l l 1  results referred to ramples given the same dose 
continuously a t  the rate of 1260 r./hr. 

I 
Sector speed Lel~gth of light period 

(r.p.m.) (sec.) 
- 

From Fig. 1 it is seen that the average chain lifetime under these conditions 
is approximately 0.1 sec. 

% Difference bet\veel~ acid produced \\,it11 
sector stationary a ~ l d  \\zith sector rotating 

DISCUSSION 

-- 
1.1  ' 9 . 0  - 5 . 7  
2 . 3  4 . 5  -- ti.!) 
6 .7  1 1 . 5  - 2 .9  

23 0.45 t l S . 3  
360 0.028 +26.4 
820 0.012 1 2 4 . 2  

1330 0.0075 t 2 6 . 6  
2000 0.005 I t.25.4 

i 

Since the dark to light ratio for the sector is two, and the dose rate in each 
pulse is 1260 roentgens/hr., the irradiation a t  high sector speeds should 
correspond to continuous irradiation a t  420 roentgensjhr. 

Twenty-six per cent more acid is produced a t  high sector speeds and six pel- 
cent less acid is produced a t  low sector speeds than when the solution is given 
the same dose continuously a t  the rate of 1260 roentgens/hr. Ordinarily one 
would expect no difference between the yields for low sector speeds and for 
continuous irradiation. One possible explanation for the negative difference 
observed is that there may be a s~nall  induction period a t  the beginning of 
the reaction. Since a t  slow sector speeds, say 1 r.p.m., the free radical concen- 
tration drops virtually to zero during each dark period, the induction period 
would occur a t  the beginning of each light period. Thus, for a 165 mill. irradi- 
ation with a sector speed of 1 r.p.m. there would be 330 induction periods, 
but for continuous irradiation for 55 min. there would be only one ind~rction 
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period. This induction period liiay be I-elated tc the one observed with solutions 
which were three or four days old (see reference (3) ) ,  in which case an inhibitor 
is probably generated in a dark reaction. 'I'he induction period would have a 
negligible effect upon the yield a t  high sector speeds, since under these circum- 
stances the free radical concentration remains approximately constant. Tliere- 
fore, the actual observed difference in yield ca~ised by the dose rate effect 
appears to be 267;. 

Using the inverse square-root variation of ).ield with dose rate shown in 
Fig. 2 (Fig. 4 of Reference (3)) ,  and extrapolating the Co60 line to a dose rate 

0 1 I I I 
0.0 0.5 1.0 1.5 
I 

2 .o 
( D O S E  R A T E  ) - ' IZ  

FIG. 2. Variation oi specific yield of acid with square root oi the dose rate in kr./hr. for 
CoBo gamma-rays (0) and ( X )  and for betatron X rays (@). 

of 0.42 kr./hr., one finds that the expected percentage difference between 
the yields a t  0.42 l<r./hr. and 1.26 kr./hr. is 51%. However, using the semilog 
plot (pmoles acidjl./kr. vs. dose rate) shown in Fig. 3 ,  the expected percentage 
difference between the yields for these two dose rates is 29%. Thus it appears 
that the semilog relationship holds a t  these low close rates. I t  is seen from the 
graphs that the semilog relationship begins to fail a t  dose rates greater than 
about 9 kr./hr., and that the inverse square-root relationship is not adequate 
for dose rates below about 1 kr./hr. Between 1 and 9 kr./hr. both relationships 
Ilold reasonabIy well. This seems to indicate that  more than one mechanism 
is operative in the production of acid, and that the relative importance of the 
different mechanisms depend upon the dose rate. At low dose rates acid is 
produced mainly by a certain mechanism (or ~neclianisms) and a t  higher dose 
rates a different niechanism (or mechanisms) become(s) Inore important. 

.An additional experiment was carried out to determine the specific acid 
yield a t  a dose rate below 1 kr./hr. to  check the observation that the inverse 
square-root relationship falls off below 1 kr./hr. At the dose rate of 0.727 kr./hr. 
the specific acid yield was 516 p moles/l./kr. This point fell on the semilog 
plot but not on the inverse square-root plot (see point X in Figs. 2 and 3). 
I t  should perhaps be mentioned that when the clat;.~ in Fig. 1 are replotted as 
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0 I I I I I - 0.8 -0.4 0 0.4 0.8 1.2 
L O G  R 

FIG. 3. Variation of specific yield of acid with logarithm of the dose rate in  kr./hr. for 
CoW~arnn~a-rays (0) or (X)  and  for betatron X rays (@). 

in Reference 6, p. 207, the asymptote of the curve a t  high sector speeds is 
0.73 rather than the theoretical 1.0. Experimental sector curves which exhibit 
asymptotes a t  high sector speeds which are lower than those predicted by 
simple theory have been observed in photochemical systems. They have been 
attributed to a second rate termination step, linear in the chain carrier (7).  

I t  thus appears that the reaction mechanism is quite co~nplicated and does 
not correspond to any of the relatively simple cases proposed by Noyes and 
Leighton ( G ) ,  so only a rough average lifetime may be determined for the free 
radical chains. Under the conditions of these experiments it is approximately 
0.1 sec. 

Since the betatron a t  this University has a dark to light ratio of about 1400 
and a light period of about four microseconds, the effect of the pulsed nature 
of the beam on the production of acid in chloral hydrate solutions is negligible. 

\;\re are grateful to the Defence Research Board for financial assistance 
(D.R.B., X-16), and to the Saskatchewan Cancer Commission for use of the 
cobalt therapv unit. 
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THE ISOTOPE EFFECT IN THE SYNTHESIS OF 

3,3'-METHYI.ENE-C1.f-bis(4-HYDROXYCOUMARIN) 

A majority of the isotope effect studies recorded in the Iiterature i11voIve 
the breaking of the C1?-C1"ond. A wide range of values for the effect have 
been reported (9). By contrast, the synthesis of 3,3'-methylene-CI1-bis(4- 
hydroxycoumarin) from 4-hydroxycoumarin and formaldehyde-CL4 (7,s) 
affords a convenient reaction for an isotope-effect study involving formation 
of the C12-C14 bond. Recently Downes (4) has developed a method for the 
determination of e ,  the ratio of the specific rate constant of the labeled re- 
actant molecules to that  of the unlabeled reactant molecules, by fractional 
isolation of the product. The equation derived was 

where S,, is the specific activity of the product forilled between an). two 
stages, y, and 7, ;  and Sol is the specific activity of the total product. When 
the interval between y, and y, is small but finite, a useful approximation is 

where y,, is the mean of y, and 7,. A plot of log S,, vs. log (1 - y,,) would 
then give a straight line with a slope equal to E - 1. Extrapolation of this line 
to y = 0 would give an intercept equaI to €Sol fro111 which another value of E 

could be obtained. In this way, Downes (4) found 6 for the reaction of for- 
maldehyde-C" with dimedon to  be 0.927 & 0.005. This method is used in the 
present study. 

A solution of 0.3136 gm. of forn~alclehyde-C14 (cleterininecl by the methocl 
of Yoe and Reid (11)) in 200 ml. of clistilled water was heatecl under reflus 
to its boiling point (99.5' C. in our laboratory). Powclered 4-hyclroxycoumarin 
(300-350 mgnl.) was added. The  mixture was refluxed for 20 min. and then 
cooled in an ice-bath. The  product was collected in a sinterecl-glass funnel 
and dried to constant weight. The filtrate was quantitatively recovered ailcl 
treated again with 300-350 mgm. of 4-hydroxycoumarin, the process being 
repeated until 110 more product coulcl be obtained. After recrystallization 
from c~~clol~exanone,  the activities of the various fractions of 3,3'-methylenc- 
C14-bis(4-hyclroxycoun~arin) were measured in a windowless "Q-gas" counter. 
Duplicate experiments were carried out. The  results arc given in Table I .  
Since the samples were "infinitely thick", the observed activity could be 
taken as  the specific activity, S,,. Each value of S,, recorded in Table I was 
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the average of six separate determinations, each of which was counted suffi- 
cielltl!, long to give a total of a t  least 10000 counts. Little changes in S,, after 
repeated crj.stallization indicated that the samples were of good radiochemical 
puri t!.. 

.I-.ABLE I 
. ~ C T I V I T S  O F  FRACTIOXALLY ISOLATED 3 , 3 ' - h f l i T ~ ~ l ~ ~ ~ ~ - C " -  

~ ~ ~ ( ~ - H Y D R ~ X Y C ~ U M . % K I X )  

I 
F r a c t i o n  1 Weight ( g m . )  1 7.. S , , ( c o a n t a / m i ~ ~ . )  

Expt. 2 1 
2 
3 

A plot of log S,, vs. log (1 - y,,) gave a straight line with a slope, determined 
by the method of the least squares, equal to -0.068 0.003 = 6 - 1. Hence 
t = 0.932 0.003. The intercept a t  y = 0 corresponded to a S,, value of 

FIG. 1 .  Graphic detenllination of c. 
Experiment 1. 0 Esperiment 2. 
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2968 & 4 countsjmin. The total product from reacting 31.4 nlgm. of for~nalclc- 
hyde-CI4 with 400 mgm. of 4-hydroxycoumarin gave an over-all specific. 
activity, Sol, of 3195 =t 23 counts/min. Thus from the intercept, 6 = (2968 
i 4)/(3195 =t 23) = 0.9'29 + 0.007. 

Recently, Stevens and co-workers (10) discussed the application of isotope 
effect observations as evidence in the elucidation of mechanisms of reaction. 
When the rate-determining step in a reaction involvecl the rupture or forma- 
tion of the C12-C1' bond, an isotope effect should be expected. The mechanism 
for the synthesis of 3,3'-methylene-bis(4-hydroxycou1nari1l) has been postu- 
lated by Ikawa and Link (6) to involve: ( a )  an alclol condensation between 
formaldehyde and 4-hyclroxycoumarin, (b) dehydration of the aldol to an 
a,P-unsaturated ketone, and (c) a Michael condensation between the a,& 
unsaturated ketone with a second mole of 4-hydroxycoumarin to give the 
final product. Although it .rvoulcl be clifficult to decide whether any one of the 
three processes are rate-controlling or whether they proceed a t  comparable 
rates, it is of interest to note that with appropriate assun~ptions, one can give 
theoretical grounds for supposing that the dehydration step may be rate- 
determining. 

In 1949, Bigeleisen ( I )  developed an equation for the theoretical calculation 
of isotope effects which has given results in remarkable agreement with experi- 
ment. 

where the m*'s are the effective Inasses of the activated complex along t l ~ e  
reaction co-ordinate and are calculated as the reduced Inass across the boncl 
being broken or formed, Azci = hc/kT(wli - a? , ) ,  where the a's are the 
vibrational frequencies in cm.7,  G(zli) is a function defined previousl~. bl- 
Bigeleisen and Mayer (3), and 1 refers to the activated conlplex. If the assump- 
tion is made that in going from the initial state to the activated complex, the 
vibrational frequency of only the bond actually being formed or broken is 
appreciably changed, one may say that in bond formation, 

and thc opposite is true in bond rupture because in the initial state, the atonls 
of the bond being formed are completely separated whereas in bond rupture, 
these atoms are joinecl by a covalent boncl. I t  follows that the square bracket 
term in the Bigeleisen cq~iation must be less than unity for bond formation, 
and accordingly, the ratio k12/k14 would be less than the reduced mass term, 
(m141m12)~, which for (:I2 and C1' is 1.04. Since the isotope effect observed for 
the synthesis of 3,3'-met1iylene-C14-bis(4-hydi-oxycoumarin) is about 7%. 
q ~ ~ i t e  different from k12/k14, equalling 1.04, one may assume that the ratc- 
determining step is not one of bond formation. 

The following interpretation can then be shown to fit the observed facts. 
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I f  the dehydration is rate-determining, the over-all isotope effect is given by 

The ratio klz/klr for the rupture of Clz-0l6 and C14-0L6 bonds would be approxi- 
mately 1.10 according to Eyring and Cagle (5). For the aldol type of reaction 
of the carbonyl group, Bigeleisen (2) has shown that K12/K]4 is of the order 
of 1/1.03 to 1/1.05. The over-all effect, k 1 2 ~ ~ ~ / k 1 4 ~ ~ ~ ,  will therefore be 1.05 to 
1.07 which is in reasonable agreement with the experimental value. 

The ?yo isotope effect thus indicates that  the rate-determining step is not 
one of bond formation and suggests a prior equilibrium between formaldehyde 
and the aldol followed by a slow dehydration. One must emphasize, however, 
that such qualitative conclusions are based on much simplified calculations. 
The Ikawa-Link mechanism is really too con~plicated to be confirmed or 
denied by isotope effect data alone. 
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THE PHOTOLYSIS OF ACETONE ABOVE 300" C.1 

ABSTRACT 

Acetone has been photolyzed a t  temperatures above 300" C. The formation 
of ethylene becomes of increasing inlportance a t  higher temperatures. The 
normal kinetics of the reaction are followed, however, and ethylene does not 
appear to be formed a t  the expense of ethane or methane. 

INTRODUCTION 

The production of methane and ethane in the acetone photolysis a t  tempera- 
trires below 300" C. is well accounted for by the reactions (3, 4) 

CH3 + CH3COCHS -+ CH4 + CH,COCH,. 131 
On this basis 

I t  has, however, been found that ethylene becomes a product a t  higher 
temperatures (1, 5). I t  appeared to be desirable to determine if the formation 
of ethylene a t  higher temperatures complicated the kinetics of the photolysis. 

EXPERIMENTAL 

The apparatus and procedure were the same as in a previous investi- 
gation (2), with the reaction cell isolated by a mercury cutoff (reaction volume 
= 195 cc.). To  get sufficient amounts of ethane the full intensity of a Hanovia 
S-100 lamp was used. Methane and carboil monoxide were separated from a 
trap cooled with solid nitrogen to ensure that ethylene was retained. Ethane 
and ethylene were determined by mass spectrometric analysis of the C2 
fraction. 

RESULTS 

The results are given in Table I. They include two experiments a t  reduced 
light intensity, and one experiment in which water vapor was added in an 

1 &fanuscrip1 received December 6, 1053. 
Conlribz~lion from 16e Division of Pure Chemislry, Nalio?zal Researclz Cozr?~cil, Ollawa, 

Canada. Issued as N.R.C. No. 3806. 
National Research Coz~ncil of Ca/zada I'osldoclorate Fellow 1951-53. 
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TABLE I 

/ Rc2ir6 I ' ~ 2 x 4  I Rca j- molecules-sec. 

* Corning No. 986SfilLer. 
** Two No. 986Sfilters. 

*** Plus [Hz01 = 0.38 X M./cc. 

attempt to detect ketene by the formation of acetic acid. The test was negative. 
An Arrhenius plot of the results is given in Fig. 1. The equation of the line is 

corresponding to  E3 - 4Ez = 9.8 kcal., P ~ / P $  = 25 X 10-"at 350' C.). 
These values are in good agreement with previous work, including the tendency 
for the ratio k3/kz3 to  increase somewhat with decreasing acetone concentration. 
I t  is evident, therefore, that  the formation of ethylene is independent of the 
mechanism of formation of ethane and methane. The  reaction follows the 
ilormal kinetics in spite of the considerable formation of ethylene. T h e  source 
of the ethylene is uncertain. I n  the photolysis of diethyl ketone ethylene is 
formed a t  high temperatures by the decomposition of the pentanonyl radical 

I t  is possible that  ethylene in the present case arises from hydrogenabstraction 
from methyl ethyl ketone, followed by the breakup of the resulting radical 

This would give the reaction chain characteristics, but the total amount of 
ethylene formed is quite small, and the effect on the quantum yield of CO 
formation \\rould be very slight. 
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M A N D E L C O R N  A N D  S T E A C I E :  P H O T O L Y S I S  OF A C E T O N E  

FIG. 1. Arrhenius plot for the abstraction of hydrogen from acetone by methyl radicals. 
Filled circles-acetone conc. = 1.76 X M./cc. 
Open circles-acetone conc. = 0.88 X lop6 M./cc. 
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PREPARATION OF I-c14 PENTONIC ACIDS BY 
T H E  CYANHYDRIN SYNTHESIS1 

ABSTRACT 

Solutions of pure D-threose and D-erythrose, buffered with bicarbonate 
(0.82 moles) plus carbonate (0.18 moles), were treated with an  equirl~olar amount 
of CL"-labeled ICCN. Thc aldonic acids were isolated as salts, using carrier 
technique, in yields of 90-95Yo based on the radioactive carbon. D-Erythrose 
gave 1.89 times as much arabonic as ribonic acid while D-threose gave 2.36 tirnes 
as much lyxonic as xylonic acid. Despite the unfavorable ratio in  the latter case 
it was found that  D-xyloSe could be obtained in an  over-all yield of 227,, bascd 
on the cyanide. 

Interest in the nletabolism of pentoses by bacteria has prompted an investi- 
gation on the cyanhydrin synthesis as a method for preparing 1-CI4-labeled 
pentoses. L-Arabinose-1-C1' has been made, in yields of about 3y0 ((12), by 
the nitromethane synthesis while D-xylose-1-C14 (13) has been prepared from 
glucose-1-C1% As far  as  the present writer knows pentonic acids have never 
been prepared by the cyanhydrin reaction, so there is no information on the 
yields of isomers to be expected. The ratio of epimers would be expected to 
vary with the pH of the cyanide reaction mixture (10) and a complete investi- 
gation should include a study of this important factor. The present paper 
gives information on the yields of pentonic acids obtained from D-erythrose 
and D-threose under one set of conditions. Since the results indicate that the 
cyanhydrin reaction is a convenient route for preparing CI4-labeled pentoses 
this information may be of val~re to other workers. 

Deionized solutions of threose or erythrose, prepared by the Ruff degrad- 
ation, contained a t  least one other reducing substance so they were not used. 
D-Erythrose was obtained from .4,6-ethylidene-D-glucitol (9), the intermediate 
2,4-ethylidene-D-erythrose being purified by distillation. D-Threose was pre- 
pared from 1,3-benzylidene-D-arabitol. The intermediate 2,4-benzylidene-D- 
threose crystallized, unexpectedly, so it was not necessary to convert it to  the 
isopropylidene derivative for purification. The solutions of tetroses obtained 
by these methods were pure as far  as  could be ascertained by paper chromato- 
graphy. 

The cyanhydrin reaction and hydrolysis of the amides was done following 
the work of Isbell et al. (10) on preparation of ~-glucose-l-C'~. The aldonic 
acids were separated using methods developed for epimerization studies (3, 4). 
Since high specific activities were not required, these separations were simpli- 
fied by the use of carriers. The yields were good, 90-95yo of the C14 being 
recovered as aldonic acids. D-Erythrose gave arabonic and ribonic acids in 
the ratio of 1.89: 1 while D-threose gave lyxonic and xylonic acids in the ratio 
of 2.36: 1 respectively. 

1 Manilscript receioed No-dernber 27,  1953. 
Contribution from the Prairie Regional Laboratory, National Research Coz~ncil, Saskatoon. 

Isszred as N.R.C. A70. 3205. 
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The conversion of these acids to the aldoses has not been thoroughly investi- 
gated. I t  has been pointed out by Isbell et al. (10) that there is no universal 
procedure for the sodium amalgam reduction of Iactones which will give 
maximum yields with all lactones. They found that glucono-6-lactone gave 
excellent yields in an oxalate buffered medium while mannonic-7-lactone gave 
better yields in a benzoate buffered medium and required more amalgam. 
We have investigated the reduction of xylono lactone and obtained better 
yields in an oxalate buffered medium than in a benzoate buffered one but i t  
required twice as much amalgaill as glucono-6-lactone. The yield of xylose 
was about 80%, based on the cadmium D-xylonate cadmiu~n bromide double 
salt. Presumably the other aldonic acids could be converted to pentoses in 
similar yields under the best conditions. D-Arabinose-1-C1.' could then be 
used for preparation of D-glucose-2-C14 in good yields, by addition of inactive 
cyanide ( I  0). In both of the cyanhydrin reactions, starting with D-erythrose, 
the epimer needed for this synthesis is formed in the highest yield. 

EXPERIMENTAL 

Methods 
Unless stated otherwise evaporations were carried out in a Craig evapo- 

rator (2) using a bath temperature of 40-45" C. and the full vacuum of a filter 
pump (20-25 mm.). The aldose content of the solutions was determined by 
hypoiodite oxidation (8). Measurements of radioactivity were made using a 
windowless counter operating in the proportional region. The samples were 
plated on aluminum disks and were so small that  self absorption was negligible. 
The counting assembly was calibrated against the U.S. National Bureau of 
Standards carbon-14 standard; a sodium carbonate solution rated a t  1280 
disintegrations per second/inl. The  results were expressed as millicuries. Paper 
chromatography of the tetrose solutions was carried out with Whatman No. 1 
paper using the descending technique. Methyl ethyl ketone saturated with 
water was the only developing solveilt used. Spots of reducing substances 
were detected by three spray reagents; molybdate (I) ,  alkaline dinitrosali- 
cylate (11) and triphenyl-tetrazolium chloride (15). The tetrazolium spray is 
much more sensitive for tetroses than glucose, whereas the other sprays are 
about equally sensitive for glucose and the tetroses. 

Preparation of Tetroses by the Ruff Degradation 
Ruff degradation (5) of Ca-D-arabonate and Sr-D-xylonate gave solutions 

of D-erythrose and D-threose. Analysis of the deionized solutions for aldose 
indicated yields of 36% and 40% of the theoretical, respectively. However, 
paper chromatography showed a t  least two reducing substances to  be present 
in each solution, both being detected by all three sprays as spots of about equal 
intensity. One component migrated a t  the same rate as the tetroses, and the 
other a t  about half the rate. A pure tetrose fraction could probably be obtained 
by chromatographic fractionation of these solutions. However the tetrose 
solutions used in the cyanhydrin reactions were prepared by other methods, 
described below, which gave chromatographically pure solutions directly. 
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2,C-Eth3~lidene-~-Erythrose 

4,6-Ethylidene-~-glucitol (10.4 gm., 50 mM.) (9) was dissolved in 150 ml. 
of ice-cold water and treated with an ice-cold solution containing 23.94 gm. 
(105 mM.) of H5106 in 150 ml. of water. After 10 min. the mixture was neutral- 
ized to the phenolphthalein end point by  a warm concentrated solution of 
strontium hydroxide. The  precipitate was filtered o u t  and the filtrate evapo- 
rated to dryness. The  residue was extracted with alcohol, the alcohol evapo- 
rated, and the sirup distilled through a short column, under reduced pressure, 
to give 1.5 gnl. of 2,4-ethylidene-D-erythrose, b.p. 98" C. a t  8 lnm., as  the 
only fraction. This material was a colorless glass; [a]: - 41.36" (c, 2.5, water). 
I t  gave 91.2% of the expected amount of acetaldehyde on hydrolysis by 
0.5 N sulphuric acid, followed by distillation, as measured by the bisulphite 
binding capacity of the distillate. This rotation is a somewhat higher than 
the value [a],  36, reported for the L-isomer (12). 

D-Erythrose 
A solution of 1.08 gm. (7.4 mM.) of 2,4-ethylidene-D-erythrose was dissolved 

in 45 ml. of water and 6-8 ml. of IR-120-H Amberlite cation-exchange resin 
added. This mixture was distilled a t  constant volu~ne for 1.5 hr. to effect 
hydrolysis and removal of the acetaldehyde. The  residue was treated with 
charcoal and filtered. The  colorless solution thus obtained was found to 
contain 5.71 mM. of aldose. A portion was chro~natographed on paper as 
described above and found to give only one spot with an R, of 0.21 (glucose 
had Rf of 0.055 on same sheet). An aliquot of this solution was used for the 
cyanhydrin synthesis described below. 

Reaction of C1"-labeled Cyanide with D-Erythrose 
A solution containing 2 mM. of I<CI4N (1 millicurie) and 0.36 mM. of I<OH 

in 10 ml. of water was frozen solid in a 50 ml. glass stoppered Erlenmeyer 
flask immersed in a dry ice bath. An aliquot of the D-erythrose solution 
(14.1 ml., 2 mM.) containing 2 n1M. of NaHC03  was added, the stoppered 
flask allowed to stand two days a t  room temperature, and then 1.64 ml. of 
N NaOH added. After two more days a t  room temperature the mixture was 
heated to 60" C. and aerated to remove the ammonia released by  hydrolysis 
of the amides. This ammonia was caught in standard acid and measured by 
back titration. A total of 1.85 m.e. (92.57,) was recovered in five hours, at  
which time the volun~e had decreased to about one-third and the hydrolysiz 
was complete. The  residue was transferred to a beaker containing 25 ml. OJ 

IR-120-H Amberlite cation-exchange resin, stirred, and then transferred to a 
column containing an additional 25 ml. of the resin. The  effluent was treated 
with 2 gm. of Ca-D-arabonate carrier and the mixture warmed with 0.3 gm 
of calciunl carbonate, filtered, and the filtrate concentrated to about 8 rnl 
ancl crystallization induced by addition of methanol. The  Ca -~ -a r abona t~  
which separated (2.3 gm., 0.635 me.) was recrystallized from methanol-watel 
to constant specific activity to give 2.25 g n ~ .  (0.590 mc.). The  mother liquor: 
were combir~ed, concentrated to remove methanol, diluted with water, passec 
through an IR-120-H column to  remove the calciunl ions, boiled with 0.4 gnl 
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of cadmium carbonate in the presence of 2 gm. of Cd-D-ribonate carrier, 
filtered, and the filtrate concentrated and crystallized from methanol-water. 
After recrystallizing to constant specific activity, 1.97 gnl. (0.312 mc.) of 
Cd-D-ribonate was obtained. Thus the ratio of arabonate: ribonate was 1.89, 
and a total of 90.2y0 of the C14 added as  cyanide was found in the aldonic acids. 

2,4-Benzylzdene-D- Threose 

A solution of 5 gm. of 1,3-benzylidene-D-arabitol (7) in 150 n~ l .  of warm 
water was cooled to 30' C. and mixed with 50 ml. of 9.45y0 NaI04.  After one 
hour a t  room temperature, 14.5 ml. of molar barium acetate was added. The  
mixture was filtered and the filtrate concentrated in a flaslc containing 1 gm. 
of BaC03. The residue was dehydrated by three successive evaporations with 
25 ml. portions of absolute ethanol, then dissolved in ethanol and filtered. 
The filtrate was concentrated to a sirup and allowed to stand one hour a t  
room temperature. This was treated with 100 ml. of water, and a crystalline 
residue formed, which was filtered out and washed with water giving 2.4 gm. 
melting a t  160-161' C. This melting point was raised to 165.5' C. by recrystal- 
lization from ethanol. Found: [a]: 77.6' (c, 2, pyridine), C ,  63.32; H ,  5.82. 
Calculated for CllH1204: C, 63.45, H ,  5.81. This compound was obtained only 
as a sirup by previous workers (14), who carried out this oxidation using lead 
tetraacetate. However, a crystalline benzylidene-L-threose hemihydrate, m.p. 
119-120" C.,  has been reported (6). 

D- Threose 

A solution of 1.7 gm. of 2,4-benzylidene-D-threose in 40 ml. of lOyo acetic 
acid was refluxed for one hour, concentrated to a sirup, and the residue, after 
addition of 20 ml. of water, was extracted three times with ether to remove 
the last traces of benzaldehyde. The aqueous phase was again evaporated to 
a sirup and dissolved in 20 ml. of water to give a clear colorless solution, 
pH 5.0, containing 7.22 millinloles (88%) of aldose. Paper chromatography as 
described above showed the presence of only one reducing substance with an 
Rf of 0.22 (glucose had Rf of 0.055 on the same sheet). A portion of this solution 
was used in the cyanhydrin synthesis described below. 

Reaction of CI4-labeled Cyanide with D-Threose 

This reaction was carried out with 2 mM. (1 mc.) of cyanide as described 
for D-erythrose. The yield of ammonia on hydrolysis was 1.8 m.e. (90%). The 
solution of aldonic acids obtained, after removal of the cations, was warmed 
with 2 mM. of cadmium hydroxide and 5 mM. of cadmium carbonate, then 
treated with 10 m.e. of aqueous HBr and filtered. Inactive cadmium-D-xylonate 
cadmium bromide double salt (2 gm.) was dissolved in the filtrate, which was 
then concentrated until crystallization started. After this was allowed to  
stand overnight a t  3' C., 1.98 gm. of the double salt was obtained. Recrystal- 
lization to constant specific activity from water, and reworking of the mother 
liquors, gave a total of 2.17 gm. (0.273 mc.) of cadmium xylonate cadmium 
bromide. Addition of more carrier to the combined mother liquors, followed 
by reisolation, gave only 0.011 mc. more. Thus a total of 28.4% of the C14 
was present as D-xylonic acid. 
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The combined mother liquors from the double salt were passed through all 
IR-120-H column containing 50 ml. of resin. The effluent was stirred one hour 
with 4 gm. of silver carbonate, filtered, ancl the bromide-free filtrate treated 
with 2 gm. of D-lyxono lactone and passed through a 25 ml. column of IR- 
120-H resin, to remove the silver ions. The effluent was concentrated to a sirup 
which was dehydrated by three evaporations with glacial acetic acid, giving 
finally 3 gm. of sirup. This was dissolved in 2 ml. of glacial acetic acicl and 
cooled. Crystallization of the lactone was rapid. The product was recrystallized 
twice from acetic acid - ethyl acetate (about equal proportions) to give 
1.73 gm. (0.260 mc.) of D-lyxono lactone. The mother liquors still contained 
a considerable amount of C14, possibly because equilibrium had not been 
reached between the carrier lactone and the active lyxonic acid. In order t o  
confirm this supposition another 2 gnl. of inactive D-lyxono lactone was added 
to the mother liquors, the acetic acid removed by evaporation with water, 
and the aqueous solution titrated with N ICOH to the phenol red end point 
until all the lactone was converted to the K salt. The potassium ions were 
then removed by an IR-120-H column and the effluent concentrated to  a sirup 
and crystallized from glacial acetic acid as before. This time the crystallization 
required four days. After p~~rification to  constant specific activity 1.1 gm. 
(0.210 mc.) of D-lyxono lactone was obtained. The residue from this was 
rather gummy so another gram of carrier was added and reisolated by rapid 
crystallization giving another 1.1 gm. (0.100 mc.) of pure D-lyxono lactone. 
A total of 0.570 mc. of pure lactone was isolated and it was calculated, from 
the amounts of carrier added and recovered, that another 0.1 mc. was present 
in the residue. From these data  about 6770 of the CI4 added as cyanide was 
converted to D-lyxonic acid. The ratio of lyxonic: xylonic acids was thus 2.36 
and about 95y0 of the cyanide was converted to  aldonic acids. 

D-Xylose-1-C1" 

Cadmium D-xylonate cadmium bromide (2.17 gm., 0.273 mc.) was dissolved 
in 125 ml. of warm water and the solution passed through a 50 ml. column of 
IR-120-H resin. The effluent was treated with 3.5 gm. of silver carbonate, 
filtered, and the bromide-free filtrate passed through a 35 ml. column of 
IR-120-H resin to  remove silver ions. The effluent was evaporated to  a sirup 
which was heated in a drying pistol, containing phosphorus pentoxicle, a t  
100" C. (2 mm.) for 24 hr. to effect lactonization. The mixture of sirup and 
crystals thus obtained was dissolved in 120 ml. of water containing 4.2 gm. of 
oxalic acid dihydrate and 4.8 gm. of sodium oxalate. The mixture was stirred 
vigorously and 14 gm. of 5y0 sodium amalgam added. The temperature was 
maintained a t  5-10" C. (ice-alcohol bath) and powdered oxalic acid added 
from time to time to keep the pH from rising above 4. After 30 min. another 
14 gm. portion of the amalgam was added. When this was used up (about 
45 min.) the mixture was filtered to remove mercury and excess sodium acid 
oxalate, the filter cake being washed with ice water. The filtrate was concen- 
trated to about 50 ml., treated with 100 ml. of methanol, filtered again, 
diluted with an equal volun~e of water and neutralized by N NaOH, to the 
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pheilol red end point, to convert any residual lactone to the sodi~im salt. 

Ordinary D-xylose (3 gnl.) was dissolved in the solution which was then 
deionized by 50 1n1. columns of IR-120 and IR-4B A~nberlite resins in the 
acid and base forms, respectively. The  deionized solution was concentrated 

to  a sirup which was dehydrated by three evaporations with absolute ethanol 
and then crystallized from ethanol containing a little isopropanol. The  first 
crop of crystalline D-xylose was 3.17 gm. (0.194 mc.). I t  was recrystallized 
by solution in 1 ml. of hot water followed by addition of 2 ml. of inethanol and 
4 ml. of ethanol. This gave 2.97 gm. with unchanged specific activity. A further 
4 gm. of carrier was added to the mother liquors and another 3.52 gm. (0.027 
mc.) of pure D-xylose isolated. The  pure xylose isolated contained about 77% 
of the activity present in the cadnliuin double salt, another 3-4y0 remaining 
in the mother liquors. 

Some glyoxylic acid, isolated as the 2,4-dinitrophenyl-hydrazone, was 
formed from the oxalate during reduction by sodium amalgam. I t  was ileces- 
sary to remove this aldehyde-acid by  deionization of the solution before the 
yield of aldose could be determined by the hypoiodite method. Experi~nents 
on the reduction of a sample of crystalline D-xylono lactone using acetic acid 
or benzoic acid as buffers gave only 35-40yo yields of aldose. These yields 
were not increased by addition of an extra portion of sodium amalgam. 
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A CHEMICAL SYNTHESIS OF D-TREI-IALOSE1 

BY R. U. LE~IIEUS AND H .  F. BAUER 

ABSTRACT 

Chroniatographic separation o f  the products formed on heating a mixture o f  
thc  anoniers o f  2,3,4,6-tetra-O-acetyl-D-g~~lcose and tri-0-acetyl-D-glucosan 
(1,5) a (1,2) at 100" C. afforded D-trehalose and the neo-D-trehalose of  Hawortli 
and Hicki~lbottorn. Evidence was obtained t o  show that  the latter conlpound is in 
fact a-D-gl~~copyranosyl P-D-glucopyranoside. 

Three diastereoisomeric D-glucopy~~anos)~l D-glucopyranosides are theo- 
retically possible. The a,a-,  P,,8-, and a,p-forms have been termed trehalose (T), 
iso-trehalose (3, 7), and neo-trehalose (G), respectively. D-Trehalose occurs 
naturally in many lower plants and trehala (5). The substance has not previ- 
ously been synthesized by che~nical means. Leloir and Cahib (8) have recently 
reported an enzymic synthesis. iso-D-Trehalose (12) was first obtained by 
Fischer and Delbriick (3) as a by-product in the preparation of 2,3,4,6-tetra- 
0-acetyl-D-glucose. The identity of neo-D-trehalose is obscure. Vogel and 
Dcbowska-Icurnicka (19) obtained a substance, n1.p. 68-70", [a]D +68.1 
(chlorofor~n), by condensing 2,3,4,6-tetra-0-acetyl-D-glucose in the presence 
of zinc chloride and phosphorus pentoxide. The  product was assumed t o  be 
neo-D-trehalose octaacetate since the rotation was that  expected on the basis 
of Hudson's rules of isorotation (7). Haworth and Hickinbottom (6) reacted 
2,3,4,6-tetra-0-acetyl-P-D-glucose in benzene solution with Brigl's an-  
hydride (2) t o  form the heptaacetate of a disaccharide termed neo-trehalose. 
The octaacetate melted a t  140-141' C. with specific rotation +82' (chloro- 
form). Sharp and Stacey (18) have recently questioned the identity of this 
substance and have reported the preparation of neo-D-trehalose octaacetate, 
m.p. 120°, specific rotation, f67'  (chloroform), both by reaction of P-aceto- 
fluoroglucose with silver carbonate, "anhydrone", and iodine in chloroforln 
and by treating 2,3,4,6-tetra-0-acetyl-a-~-glucose with phosphorus pentoxide 
in  chlorofor~n. More recently; NIicheel and Hagel (14) reacted acetobromo- 
glucose in acetone with about 0.4 moles of water in the presence of mercuric 
cyanide t o  form iso-trehalose octaacetate and a neo-trehalose octaacetatc, 
m.p. 140°, [ff]D +80° (chloroform). These constants are in close agreement 
with those reported by Haworth and Hickinbottom (6). Since the present 
work was completed, a paper has appeared wherein Bredereck, Hoschele, 
and Ruck (1) report melting 2,3,4,6-tetra-0-acetyl-@-~-glucose with zinc 
chloride t o  for111 iso-trehalose octaacetate and a neo-trehalose octaacetate, 
m.p. 140" C.,  [ff]D f64.4' (chloroform). We have reinvestigated the reaction 
of Brigl's anhydride with the anomeric 2,3,4,6-tetra-0-acetyl-~-glucoses. 

A mixture of the ano~~ler ic  2,3,4,6-tetra-0-acetjd-D-gl~lcoses (about 65% 
a-anomer) was heated in a small amount of benzene with an  eq~~imolar  amount 
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of tri-0-acetyl-D-glucosan (1,s) a (1,2) (Brigl's anhydride) (2) for 36 hr. a t  
100" C. The  procluct was deacetylated and the disaccharides were isolatecl 
by  preparative paper chromatography (15). This fraction was acetylated and 
the resulting mixture of sugar acetates was subjected to chromatographic 
separation on a column of Magnesol-Celite (5: 1) according to the general 
procedure of McNeely, Binkley, and Wolfro~n (13). Two crystalline substances 
were isolated. One of the materials was identified as D-trehalose octaacetate. 
The  other substance possessed the melting point and rotation reported by 
Haworth and Hickinbottom (6) for neo-D-trehalose octaacetate. Deacetylation 
of these substances afforded D-trehalose and a substance with the physical 
constants reported by Haworth and Hickinbottom for neo-tiehalose (6). 

Lemieux (9) has reviewed the previous experience in the preparation of 
a-D-glucopyranosides by reaction of alcohols with Brigl's anhydride and 
prepared /3-D-maltose octaacetate by heating 1,2,3,6-tetra-O-a~et)~l-/3-D-glu~0~e 
with the anhydride and acetylating the product. Lemieux ancl Huber (11) 
have synthesized sucrose by reaction of the anhydride with 1,3,4,6-tetra-0- 
acetyl-D-fructose and deacetylation of the product. These syntheses as well 
as  the synthesis of D-trehalose reported herein show that  Brigl's anhydride has 
a strong tendency to  form a-D-glucopyranosides when reacted with the 
secondary alcoholic or hemiacetal hydroxyl groups of partially acetylated 
sugars. Therefore, it is to be expected that Haworth and Hickinbottom (6) 
did in fact prepare an a-D-glucopyranoside on reacting Brigl's anhydride with 
2,3,4,6-tetra-0-acetyl-/3-D-glucose. There can be little doubt that  the substance 
we have isolated is identical with the neo-D-trehalose reported by Haworth 
and Hicltinbottom (6). A sample was hydrolyzed and paper chromatography 
showed the hydrolyzate to contain only glucose. Therefore, the nonreducing 
substance must be a D-glucosyl-D-glucoside. Periodate oxidation of the tre- 
halose-type molecule should liberate two moles of formic acid and no formalde- 
hyde. The  new technique developed by Perlin (16) to measure the amount of 
formic acid liberated in periodate oxidations was used to stucly the periodate 
oxidation both of trehalose and of the neo-trehalose of Haworth and Hickin- 
bottom. In each case, two moles of formic acid were liberated per mole of 
disaccharide and no appreciable amount of formaldehyde was formed. There- 
fore, the neo-trehalose of Haworth and Hickinbottom must be a D-gluco- 
pyranosyl D-glucopyranoside. The  rotation in chloroform of the octaacetate, 
+82", when compared (7) to those of D-trehalose octaacetate, +163', and 
iso-D-trehalose octaacetate, - 18.4" (12), leaves no doubt that  the substance 
is in fact f f - D - g l i l ~ ~ p y r a n ~ ~ y l  /3-D-glucopyranoside. 

EXPERIMENTAL 

Octaacetates of D-Trehalose and neo-D-Trehalose 

A solution of 2,3,4,6-tetra-0-acetyl-/3-~-glucose (4), 4 gm., in 50 ml. of 96% 
ethanol was kept a t  50" C. for 40 hr. The  solution was concentrated i n  vacuo 
to  a dry sirup which was dissolved in 50 ml. of dry ether. Skellysolve F was 
added to a slight turbidity and after seeding with starting material the solution 
was lcept overnight a t  0" C. The  crystals which separated were removed by 
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filtration and the filtrate was evaporated i n  vaczlo to a sirup [a]g +93" (chloro- 
form). The substance (about G5Y0 a-anonier), 2.15 gm., was dissolved in 25 ml. 
dry benzene. The solution was concentrated by distillation a t  atmospheric 
pressure to about 5 ml. volume and transferred to a tube which contained 
1.90 gm. of Brigl's anhydride (2). The tube was sealed and heated a t  LOO0 C. 
for 3G hr. in a temperature-controlled oil bath. The  product was deacetylated 
in methanolic ammonia and a 20% aqueous solution of the free sugars was 
applied as uniform streaks t o  50 X 50 cm. sheets of Schleicher-Schuell 
No. 470A filter paper for chron~atographic separation. About one milliliter of 
the solu~ion was applied to each sheet. The sheets were attached to strips 
of Whatman No. 1 filter paper for downward irrigation (15) with butanol- 
pyridine-water (6: 4: 3). The band in the resulting chroinatogram which was 
expected to contain disaccharides was readily detected on strips cut from the 
sheets by the periodate-permanganate spray reagent (10). After isolation by 
extraction with water and solvent removal, the disaccharides were acetylated 
with acetic anhydride and sodium acetate in the usual manner. The  sirupy 
sugar acetates were dissolved in about 5 ml. of benzene and added to the top 
of a 160 X 35 mm. (in diam.) column of h/Iagnesol-Celite (5: 1) (12) wetted 
with benzene. The  chroma tog ran^ was developed with 1.5 liter of 60: 1 
benzene - tertiary butanol mixture, the colulnn was extruded and a streak 
was applied to the length of the column by spraying a freshly prepared aqueous 
solution of lYO potassium permanganate in 2.5 N aqueous sodium hydroxide 
through a 2 mm.-wide slit cut from a sheet of plexiglass. A diffuse zone ex- 
tended from 8 to 60 min. from the top of the column and a sharp zone from 
65 to 90 mm. from the top of the column. Elution of the top zone with acetone 
gave 10 mgm. of a substance, m.p. 141-142" C., [a]g + 81.8" (6, 0.4 in chloro- 
form), after two crystallizations from ethanol. Haworth and Hickinbottom (6) 
have reported neo-D-trehalose octaacetate to melt a t  140-141" C. with [a],, 
+82" (c, 5 in chloroform). The bottom zone was eluted with acetone to yield, 
after two crystallizations from ethanol, 15 mgm. of a substance, n1.p. 100- 
101" C., [a]g +163O (c, 0.1 in chloroform). The  il~elting point was undepressed 
by authentic D-trehalose octaacetate, m.p. 100-101" C. The infrared spectrum 
of the synthetic substance pressed with potassiunl bromide (17) into a window 
and measured with a Perkin-Elmer Model 21 spectrometer was identical to 
the spectrum of the authentic saillple of D-trehalose octaacetate obtained 
under the same conditions. 

D- Trehalose 

The  synthetic D-trehalose octaacetate was deacetylatecl in methanolic 
ammonia and the product was recrystallized from aqueous ethanol. The  
melting point of the substance, n1.p. 97-98" C., was unaffected by mixture 
with an authentic sample of D-trehalose dihydrate of the same melting point. 

neO-D-ir'rehdOse 

The  synthetic neo-D-trehalose octaacetate was deacetylated with inethanolic 
ammonia. The product obtained on crystallization from 90% ethanol sintered 
a t  141-145" C. and melted in the range 195-210" C. All attempts to obtain a 
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sharply melting ~ r o d u c t  were unsuccessful. Iiaworth and Hickinbottom (6) 
had the same difficulty ancl reported neo-trehalose to melt a t  210-220° C. with 
sintering a t  145-1510" C. A sample was hydrolyzed in N hydrochloric acid. 
Paper partition chromatography using butanol-ethanol-water (5: 1: 4) ancl 
butanol-pyridine-water (6: 4: 3) cletected only glucose in the hydrolyzate. 

Periodate Oxidations 
Tile disaccharicles, 0.004 mM., were oxidized a t  1G0 C. in 3.2 ml. of solution 

containing 0.05 mM. socliun~ periodate and 0.042 mM. sodium bicarbonate 
and saturated with carbon dioxide according to  the procedure developed by 
Perlin (16) using a Warburg apparatus to follow the liberation of carbon 
dioxide. The results of typical runs are plotted in Fig. 1. Only negligible 

NEO-TREHALOSE 

g 2.0 - - - 
e 
4 TREHALOSE 

- 

- 

- 

I I 
0 5 to 15 20 

TIME, (hours) 

$::.FIG. 1. The rates of liberation of fornlic acid on periodate oxidation of trehalose'and 
tzeo-trehalose measured by the method of Perlin (16). 

amou~its  of formaldehyde coulcl be detected in the oxidation mixture after 
24 hr. reaction time using the chromotropic acid reagent. 
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SULPHUR ISOTOPE EFFECTS IN THE BISULPHITE ADDITION 
REACTION OF ALDEHYDES AND KETONES 

11. BOND-FORMATION EFFECT' 

BY W. A. SHEPPARD,~ R. F. W. BADER,~ AND A. N. BOURNS 

ABSTRACT 

The  relative rates of formation of C12--SJ2 and C1?-SJJ bonds in the bisulphite 
addition reaction of heptanal, benzaldehyde, anisaldehyde, and  2-heptanone 
have been rneas~~red and found to approximate unity. This result has been inter- 
preted in terms of the Bigeleisen treatment of isotope effects in ~~nidirectional 
processes. 

INTRODUCTION 

During the past few years a number of papers have appeared dealing with 
the fractionation of the isotopes of the lighter elements, other than hydrogen, 
due to differences in reaction rates. Attention has been given chiefly to reac- 
tions in which a bond associated with the isotopic atom is broken in the rate- 
determining step, although a simultaneous bond-rupture and bond-formation 
mechanism has been proposed to account for the isotope effects observed in 
the deammonation of phthalamide (9) and the pyrolysis of barium adipate (3). 
Certain complex reactions in which the initial step is probably a reversible 
bond-formation process have also been investigated (10, 6), but as  yet no 
isotope effect studies have been reported for a simple one-step bond-formation 
reaction. 

In  a previous communication from this laboratory (8), equilibrium constants 
of 1.010 to 1.021 were reported for the : S3' isotopic exchange reaction 
between bisulphite ion and the bisulphite-addition products of a number of 
aldehydes and ketones. These results were considered as  evidence in support 
of the sulphonic acid structure of the addition compounds. The present paper 
deals with an extension of these studies in which the isotopic fractionation 
arising from the difference in reaction rates of light and heavy sulphur in the 
forward reaction alone has been determined. If, as  seems likely, the rate- 
determining step of the addition reaction is the attack of bisulphite ion on the 
carbonyl carbon, the results give a measure of the sulphur isotope effect in the 
formation of a carbon-sulphur bond. 

The bisulphite-addition reaction is readily reversible and isotopic equilibrium 
between bisulphite ion and the addition product is quite rapidly established. 
Although it was possible to reduce the contribution of the reverse reaction to  
the observed fractionation by removing the precipitated addition product a s  
rapidly as  possible from the reaction system, conditions which give a strictly 
unidirectional process could not be achieved. However, the isotope effect for 
the addition reaction could be determined with reasonable accuracy by  
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measuring the fractionation after varying short reaction periods and extra- 
polating to zero time. 

Bisulphite ion was used in a very large excess in all experiments and 110 

significant change in the isotopic ratio of this reactant, therefore, occurred 
during the addition reaction. I t  follows that the extent of fractionation a t  any 

time i is given, to a very close approximation, by the quotient (Sj:) / S3' prod, 

(S3') where (S3') is the ratio of the two sulphur isotopes in the S" 1I-Iso; ' F HSO; 

original sodium bisulphite reactant and ($) is the corresponding ratio 
 rod. 

in the addition product removed from the reaction system a t  time t .  Extra- 
polation to zero time of the plot of this quotient against time gives the specific 
rate constant ratio, k3'/k34, for the reaction of light and heavy species of 
bisulphite ion. 

RESULTS 

In Fig. 1 are shown values for four bisulphite ion- 

carbonyl systems determined a t  25OC. and plottecl as a function of time. 
Equilibrium values previously reported (8) are also indicated.* The standard 
deviation of the isotopic ratios represented by the individual points in this 
figure was of the order of O.lyo. 

The extrapolated values for the isotopic ratios shown in the figure are 
subject to considerable uncertainty owing to limitations in the precision of the 
mass spectrometer analyses and the experimental difficulty in obtaining 
points a t  very short reaction times. Nevertheless, in the heptanal, anisalde- 
hyde, and 2-heptanone systems, the conclusion that the reaction rates of the 
two isotopic species of bisulphite ion differ by no more than 0.2% would appear 
to be justified. With benzaldehyde, the isotope effect is somewhat larger and it 
can definitely be concluded that the reaction of HS3'03 is favored. 

I t  should be noted that the addition reaction was very rapid under the 
conditions used in obtaining these results, particularly in the case of heptanal 
and benzaldehyde. In fact, with these compounds, almost complete precipita- 
tion of the addition product usually occurred in less than one minute. The 
possibility, therefore, that the rate-determining process might be the diffusion 
of bisulphite ion through the aqueous solution to the droplets of the insoluble 
carbonyl compound must not be overlooked. For this reason, a number of 
experiments with heptanal mere made in which the rate of reaction was 
greatly reduced by diluting the aldehyde with benzene. From the results given 
in Table I ,  it is apparent that, even under these conditions, isotopic fractiona- 
tion was extremely small. I t  may therefore be concluded that for the reaction 
of heptanal with sodium bisulphite the rate constant ratio, k32/k34, is close to 
unity and probably falls within the range 0.999-1.001. 

* I n  order to compare the fractionation observcd under equilibrium conditions with the rate- 
constant ratios, k32/k34, the equilibrium values are expressed as the reciprocals of thc equilibrium 
constants previously reported. 
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SHEPPARD ET AL.: SULPHUR ISOTOPE EFFECTS 

'TABLE I 
ISOTOPE EFFECT IS THE REACTIOS OF SODIUM BISULPHITE WITH 

REPTASAL DILUTED WITH U E N Z E N E  (25OC.) 
(20 1111. saturated sodium bisulphite, 20 ml. benzene) 

-- --A 

I I I I 

Reaction time, I % yield 1 ) / (z) 
NO. sec. (based on RCHO) s prod. SJJ HSO; 

EXPERIMENTAL 
Reagents 

The source and purity of all reagents were as previously reportecl (8). 

Preparation of the Addition Compounds 
A. Without Diluent 
T o  a saturated aqueous solution of sodium bisulphite, containing 5.1.5 moles 

of bisulphite per liter of solution, was added the carbonyl con~pound in the 
quantity necessary to  give a bisulphite to carbonyl molar ratio of 10 : 1. The  
mixture was shaken vigorously from the time of mixing for periods ranging 
from the point of first precipitation of the addition product up to a total 
reaction time of four to six minutes. With the exception of the product from 
anisaldehyde, the addition compounds started to separate within one-half 
minute and, in the case of heptanal and benzaldehyde, the reaction was essen- 
tially complete a few seconds after the appearance of the first precipitate. T h e  
product was rapidly removed by suction filtration, washed with ethanol and 
then with ether, and dried. 

B. With Benzene Diluent 
Heptanal (1.5 or 3.0 ml.) was diluted with 20 1n1. of thiophene-free benzene 

and the solution then mixed with 20 ml. of saturated aqueous sodium bisul- 
phite. After vigorous shaking for the desired reaction period, the addition 
product was removed, washed, and dried. 

Determination of Isotopic Ratios 
Sulphur dioxide samples for mass spectrometric analysis were prepared from 

the addition compounds by the method previously described (8). 
The samples from the addition product obtained in the reaction carried out 

in the absence of the diluent were analyzed in a 90" direction focusing Nier 
type mass spectrometer. The  same instrument, but equipped for simultaneous 
collection, was used for the samples prepared from the product of the benzene 
diluted reaction medium. Details of the Inass spectrometer measurements are 
found in the earlier paper (8). 

DISCUSSION 

The effect of isotopic substitution on rates of chemical reactions has recently 
been treated theoretically by Bigeleisen (1,2),  who has developed the following 
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equation for the calculation of rate constant ratios: 

where the subscripts 1 and 2 refer to the light and heavy isotopic molecules, 
respectively, S is a statistical factor, m* is an effective mass of the n~olecule 
along the reaction coordinate, Azli = (hc/kT)(wli - ws,), G(zi,) is a function 
previo~~sly defined by Bigeleisen and Mayer (4), and refers to the acti- 
vated conlplex. S is unitv except in reactions in which there are two or 
more identical atoms of the isotope in question in the n~olecule. The factor 
(m?*/ml*):, which gives the ratio of the number of molecnles in the transition 
state undergoing reaction per unit time, ma17 be calculated as the reduced mass 
of the two atoms connected in the bond being broken or formed. The quantity 
in the square brackets describes quantitatively the zero point energy effects. 

In reactions involving the rupture of a bond connected with the isotopic 
atom, the molecule is more "tightly bound" in the initial state than in the 
activated complex, 

The zero point energy term is therefore greater than unity and its effect on the 
relative reaction rates is in the same direction as the reduced mass term. 

For reactions in which the isotopic atom forms a new bond without any 
appreciable weakening of other bonds involving this atom, however, one would 
expect this atom to be more tightly bound in the activated complex than in the 
initial state, i.e., 

The zero point energy term of the Bigeleisen expression would then be less than 
unity and would tend to  cancel the term involving the reduced masses. This 
interpretation would appear to account qualitatively a t  least for the approxi- 
mately zero sulphur isotope effect in the bisulphite addition reaction. 

I t  is of interest to attempt a more quantitative theoretical analysis of the 
isotope effect in this bond formation reaction. If one assumes that the vibra-. 
tional frequencies of all bonds other than the bond being formed are unchanged 
in going from initial state to activated complex, then the reaction can be 
treated as the formation of the hypothetical C-S molecule from separated 
atoms. The term 

37,- 6 

is then zero. Some model must be assumed for the activated complex in order 
to evaluate. 

*On the other hand ,  isotope effect stzldies on  the Izydrolysis of esters (10) and reaction of d i n ~ e d o n  
with formaldehyde (7 )  sziggest that the in i t ia l  state tern2 i s  greater t h a n  the activated co?ti.plex t e rm  
i n  bond formation at the carbonyl carbon. I n  these reactions, honoeoer, bond for?ization i s  clearly 
accon~panied b y  the weakening of other bonds; a T bond i s  broken and  the Izybridbation qf carbon 
i n  the three u bonds i s  changed froltr spZ to  sp3. 
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SHEPPARD ET AL.: SULPHUR ISOTOPE EFFECTS 349 

and it is convenient to consider that the new bond is completely formed, in 
other words, that the vibrational frequencies of the C-S bond in the activated 
complex are the same as in the product. Using a wave number of 760 cm.-I 
for the C12-S32 bond (5, 7) and 754 cm.-I for the C12-S3"ond (calculated from 
the relation of the reduced masses), one obtains a k32/k34 ratio of 1.001 a t  
25"C., compared to the experimental values of approximately 0.999 to 1.003 
for the four systems studied (see Fig 1). 

EOUIL .  

V A L U E S  
0.995- 

O HEPTALDEHYDE 

W BENZALDEHYDE 

0 ANISALDEHYDE 

T IME (MIN. )  

FIG. I. Variation of (g) ,,,,/ (g) Hso; ratios with reaction time. 

Somewhat poorer agreement between calculated and experimental values 
would be anticipated for the reaction of bisulphite ion with lower molecular 
weight carbonyl compounds such as acetone. Although the unidirectional 
effect could not be determined experimentally for such systems owing to  the  
much greater solubility of the addition product in saturated sodium bisulphite, 
their lower equilibrium values, 1/K,  for isotopic exchange (8) would suggest a 
k3"134 ratio of several tenths of a per cent less than unity. The agreement with 
the calculated value, nevertheless, is as good as could be expected bearing in 
mind the assumptions made in the calculations and the model chosen for the 
transition state. 

The results demonstrate that this treatment permits a semiquantitative 
prediction of the magnitude of isotope effects in simple bond-formation 
processes. 
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THE REACTION OF ACTIVE NITROGEN WITH PROPANE' 

ABSTRACT 

'The reaction of nitrogen atoms with propane has been found to produce 
hydrogen cyanide as the main product, together with smaller amounts of acety- 
lene, ethylene, and ethane, which were recovered a t  all propane flow rates. 
Cornplete consumption of nitrogen atoms was not attair~ed a t  any propane flow 
rate used a t  63OC., but was attained a t  250°C. for ratios of propane to nitrogen 
atonls greater than 1.3. An activation energy of 5.6 f 0.6 kcal. and a steric 
factor between and lop3 was estimated from second order rate constants. 

The  reaction of active nitrogen with propane has been discussed briefly in 
a recent review of active nitrogen - hydrocarbon reactions (13). A detailed 
examination of the reaction products and their dependence on propane flow 
rate is reported in the present paper. As before, it is assumed that  the chemi- 
cally reactive species in active nitrogen is atomic nitrogen (3,4). 

EXPERIMENTAL 

The  apparatus used in this investigation was similar to that  described in 
earlier papers from this laboratory (3,4) .  Preliminary experiments showed 
that  hydrogen cyanide was the major product, and that ethylene, acetylene, 
ethane, and methane were formed in much smaller quantities. 

The vapor pressure - temperature relations for acetylene and propane are 
not sufficiently different a t  low temperatures to  allow their fractionation in 
the LeRoy distillation apparatus used (6). Therefore, a portion of the unreacted 
propane was codistilled with ethylene and acetylene a t  -140°C. until the 
equilibrium vapor pressure decreased from that  of the mixture to  tha t  of 
propane a t  this temperature. Analysis with a mass spectrometer gave the 
composition of this combined Cz-C3 hydrocarbon fraction. 

The remaining propane fraction, containing only a trace of acetylene, was 
separated from hydrogen cyanide by distillation a t  -120°C. Hydrogen 
cyanide was distilled a t  -70°C. and condensed 011 the surface of 10 ml. of 
1 N potassium hydroxide which had been previously degassed and frozen in a 
detachable trap immersed in liquid nitrogen. The  trap, closed with a stopcock, 
was removed and its bottom end plunged into hot water. This melted the 
alkali solution, which then dissolved the hydrogen cyanide before it could 
melt and polymerize. Titration of the resulting solution with standard silver 
nitrate gave the cyanide content. 

Analysis of noncondensable products, methane and hydrogen, was not made. 
The n~olecular nitrogen flow rate was maintained constant a t  5.83 X 

mole per sec.; this gave a pressure of 1.35 f 0.02 and 1.42 & 0.01 mm. of 
1 hlanuscript rcccived Decenrbcr 21, 1953. 

Contribution front the Physical Chctnistry Laboratory, McGill Univcrszty, illontreal, Qzre., 
with financial assistance from thc Natioizal Rescarch Council of Canada. * Holder of a National Research Council Studentship. 

Holder of a National Research Co~rncil Studentship. Present address: Polymer Corporation, 
Sarttia, Ont. 
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mercury a t  63 f 3" and 250 f 5°C. respectively. Experiments were made a t  
each temperature with propane flow rates ranging from 5 X lod7 to 2 X 10-5 
mole per sec. 

From 15 experiments with ethylene a t  100" and a t  260°C., under experi- 
mental conditions corresponding to complete removal of the available nitrogen 
atoms ( l l ) ,  the atomic nitrogen flow rate was estimated to be 5.20 f 0.50 
X mole per sec. 

RESULTS AND DISCUSSION 

The results of the investigation are summarized in Fig..l. Hydrogen cyanide 
accounted for 90-97% of the propane consumed and the remainder was 
recovered as ethylene, acetylene, and ethane. The average carbon and hydro- 
gen balances were 101% and 92% respectively. 

0.61 T O T A L  C, 

FIG. 1. Rate of formation of various products in the  nitrogen at0111 - propane reaction, a s  
a function of propane flow rate. 

The yield of hydrogen cyanide from the reaction a t  63°C. increased gradu- 
ally with increasing propane flow rate, and appeared to pass through a maxi- 
mum without complete consumption of the nitrogen atoms available. The 
presence of the maximum may result, in part, from dilution effects which 
reduce the reaction time significantly a t  high propane flow rates. Moreover, 
under these conditions the reaction flame was localized a t  the top of the 
reaction vessel where the surface to volume ratio is relatively large and loss of 
nitrogen atoms or nitrogen atom - propane complexes at the surface might 
lead to the observed decrease in hydrogen cyanide production. 
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O N Y S Z C H U K  El' :ILL. REA CT1O.V OF NITROGEN WITH PROPrl YE 353 

For the reaction a t  250°C., on the other hand, the yield of hydrogen cyanide 
remained constant a t  5.2 X mole per sec. beyond a critical propane flow 
rate of about 7 X mole per sec. This value corresponds to the average 
atomic nitrogen flow rate determined from the ethylene experiments. I t  may 
be concluded that when the flow rate of propane exceeds the nitrogen atom 
flow rate by a factor of 1.3 or greater, the reaction proceeds to complete re- 
moval of the available atomic nitrogen. 

The curves representing production of C.1 hydrocarbons (mainly ethylene 
and acetylene) offer further support to the conclusion that nitrogen atoms arc 
con~pletely consunled a t  250' but not a t  63'C. Since ethylene and acetylene 
react rapidly with nitrogen atoms, a continued increase in -the amounts of 
these hydrocarbons would be expected above the critical propane flow rate. 
This was realized experimentally for ethylene, but only a t  the high reaction 
temperature. On the other hand, if nitrogen atoms are available for reaction 
a t  all propane flow rates, the curve for C2 hydrocarbon production should 
parallel that for hydrogen cyanide formation. This appears to be true for the 
reaction a t  63OC. 

Of particular significallce was the recovery of ethylene ancl acetylene in the 
region of incomplete consumption of nitrogen atoms. The reaction of nitrogen 
atoms with these unsaturates is about ten times more rapid than the reaction 
with propane, if  it is assumed that the initial attack of a nitrogen atoll1 on a 
hydrocarbon molecule is rate controlling. Since ethylene, acetylene, and 
propane would be expected to compete for nitrogen atoms according to their 
relative reactivities, the recovered unsaturates should represent only a fraction 
of the total amounts formed. Conservative calculations indicate that most of 
the hydrogen cyanide was probably derived from ethylene and acetylene 
formed by the primary attack of nitrogen atoms on propane. 

The general reaction mechanism which has been tentatively suggested for 
the paraffin hydrocarbon - nitrogen atom reaction (13), and which appears to 
be satisfactory for the ethane reaction (3), cannot adequately explain the 
presence of ethylene and acetylene among the products of the propane reaction. 
The recovery of these unsaturates in appreciable amounts in the region of 
excess nitrogen atoms implies their formation in a primary reaction step, 
rather than from secondary reactions involving hydrogen atoms and free 
radicals. A number of possible reactions might be suggested, but many of 
these are energetically unfavorable while others involve the improbable for- 
mation of "hot" radicals from the collision complex. A thermochemically 
favorable reaction of a type by which ethylene might be formed by decom- 
position of the propane-nitrogen atom collision complex would be 

N + C3Hg -3 Collision complex -+ HCN + CHCH3 + Hz + H. [I] 
The ethylidene radical previously postulated in the nitrogen atom - propylene 
reaction (10) and in other reactions (1,2) is thought to transform rapidly to 
ethylene, 

CH3CH -+ CH2=CH2 
An alternative primary step might produce acetylene directly by a similar 

exothermic reaction, 
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N + CaHs -, Collision complex + HCN + C2H2 + 2H2 + H. 121 
Nitrogel1 atom reaction with the ethylene and acetylene produced by reactions 
[I] and [2] could occur as outlined in previous papers (11, 12). 

Both reactions [I] and [2] are admittedly inconlpatible with the Rice-Teller 
principle of least motion (8). However, this principle has been applied to 
processes that  involve energies of about 100 kcal. or less, while in the nitrogen 
atom reactions, the high energy of formation of the C = N  bond (170-200 kcal.) 
is effectively released within the reaction conlplex and inight result in con- 
siderably more intracoinplex rearrangement than would otherwise be expected. 

The small quantities of ethane detected only in the experiments a t  250°C. 
probably resulted from the hydrogenation of ethylene by atomic hydrogen (7). 

Second order rate constants were calculated for the propane-nitrogen atom 
reaction in a inanner similar to that previously outlined for the ethane reaction 
(3). In Table I are recorded the data obtained for experiments corresponding 

Tetnperalure = 250 f 5OC. 
I I I I I 

TABLE I 
DATA USED FOR THE CALCULATION OF SECOND ORDER RATE CONSTANTS 

*The amount of propane consumed was calczrlated from the total a?nounl of HCN and C? hydro- 
carbons prodziccd. 

Propane 
flow formed 

M~le .sec . -~  X 106 

to incomplete consun~ption of nitrogen atoms and used for the calculntion of 
second order rate constants when both streamline and turbulent flow con- 
ditions are assumed. The average values of the rate constants, together with 
the corresponding activation energies, E, and steric factors, P ,  in the expression 
k = p 2 e - " I R T  are shown in Table 11. The collision number, 2, was calculated 
using collision diameters of 3.0 A and 4.2 A for atomic nitrogen (5) and pro- 

Reaction 
time, 
sec. 

k ,  
Ratio of 
propane* 
consu~ned 
to a t .  N 
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ONYSZCHUK E T  AL.: REACTION OF NITROGEN W I T H  PROPANE 

TABLE I1 
KINETIC CONSTANTS FOR TFIE NITROGEN ATOM - PROPANE REACTION 

I I I I 
k, 1 P 1 E,  

assumed ~.mole.-~sec.-~ 1 1 kcal. 

Streamline 

Turb~llent 

pane (9) respectively. Actual flow conditions within the reaction vessel prob- 
ably lie somewhere between the two extremes assumed. 
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ADDITION COMPOUNDS O F  T H E  MOLECULAR HALIDES 

111. THE TRICHLORIDES AND PENTACHLORIDES OF PHOSPHORUS, 
ARSENIC, ANTIMONY, AND BISMUTH WITH TRIETHYLAMINEL 

ABSTRACT 
WIonoa~ninates of the trichlorides and pentachlorides of phosphorus, arsenic, 

antimony, and bismuth have been prepared, as  well as triaminates of the tri- 
chlorides of phosphorus and arsenic and mixed polyaminates of the remaining 
chlorides. The co-ordinate valences and possible structures of the compounds are 
related to  a model that depends on the geonletry of the ~nolecular halide and on 
the outer orbitals of the atoms in it. 

INTRODUCTION 

The possibility that the (n + l)s,  nd, (n + l ) p  orbitals are significant 
bonding factors carries with it definite implications conceriiing the structures 
and the reactions of inorganic compounds. The systems provided by saturated 
molecular halides with independent donor groups are particularly suited to 
a study of the role and function of these outer orbitals. Addition reactions 
between the Group V halides and tertiary anlines would be expected if outer 
orbitals are effective electron acceptors. Differences from the Group IV 
tetrahalides (I) ,  because of the lone-pair on the Group V atoms and the less 
syminetrical structures of the tri- and pentachlorides, may occur. 

EXPERIMENTAL 

The liquid chlorides (PC]$, AsCI3, SbCI5) were purified by fractionation; 
the solid chlorides (PC15, SbC13, BiCI3) by sublimation; and triethylan~ine, 
after treatment with anhydrous potassium hydroxide, by fractionation. 
Measured volumes of individual liquid chloricles and triethylamine were 
mixed together by consecutive condensation into a flask, a t  -7S°C. The 
mixtures were brought to room temperature, while being magnetically stirred. 
Then volatile products were reinovecl from the mixture by condensatioil into 
a volumetric flask, a t  -7S°C. The vapor pressure of the mixture, a t  lG°C., 
was plotted with reference to the mole fraction remaining in the mixture. When 
the vapor pressure had fallen to zero, a t  lG°C., the temperature of the mixture 
was steaclily raised ulitil phase change or thermal decon~position began. The 
products above 16°C. were collected separately from the liquid condensates 
recovered a t  lG°C. 

All operations, from purification to thermal decomposition, were carried 
out in an all glass vacuum system that had been flamed, and was filled with 
dried nitrogen when a procedure required it. The solid chlorides were weighed 
outside the vacuum system, the procedure with them being otherwise the same. 

Mole ratios in the mixtures were calculated from density and volume for 
the liquids. Liquid volumes were measured directly in the vacuum system in 

Manziscripl received March 23, 1953. 
Conlribzrlion from the Chemistry Department, Dalhozlsie Universily, Halifax, N.S., wilh 

financial assislance front Ihe National Research Cotr?tcil of Canada. 
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the graduated tubes tha t  were used to supply to, and to  receive from, the 
mixture. The products recovered from the inixtures were identified, when 
they were unchanged chloride or amine, by vapor pressure or melting point. 
The products of the thermal decomposition, however, were not identified, if 
they were neither amine, chloride, nor amine hydrochloride, although quali- 
tative tests for amine, chloride, and Group V element were generally conlpleted. 

RESULTS 

T h e  Trichlorides 

The condensation of phosphorns trichloride, or arsenic trichloride, into 
excess triethylamine a t  -78" immediately produces a white kolid substance. 
When one mole of trichloride has been added to  six moles of amine, no free 
liquid can be observed in the mixture. The vapor pressure of the mixture, 
48 mm. a t  lG°C., is, however, normal for tha t  of liquid ainine a t  the same 
temperature. As the vapor is condensed out of the mixture, the white solid 
cracks and shrinks, and the vapor pressure falls slowly (Table I ) ,  until very 

TABLE I 
VAPOR PRESSURE OF TRIETHTLAMINE AS A FUNCTION 

OF THE MOLE RATIO OF AhIINE TO TRICHLORIDE 
-- 

I 

Vapor pressure of triethyla~nine i n  Inm. Hg 

Chloride Mole ratio 

PC13 
AsC13 
SbCIj 
RiC13 
PC15 (a)  
PCls (b) 
SbClj  

Tetnperatzrre = 16°C. 
(a)  After two hours. 
(b) After two days. 

nearly three moles of amine have been recovered. Then the vapor pressure 
abruptly vanishes, even though the temperature of the mixture is raised from 
16" to  200°C. The  composition of the mixtures from which all volatile anline 
has been removed are shown in Table 11. They correspond to the triaminates, 
PCln. 3ET3N, AsC13. 3ETaN, and are stable, white, powders a t  room tempera- 
ture. They begin to decompose, in vacuum, a t  50" to 60°, a colorless liquid 
with no measurable vapor pressure condensing out  of the solid mixture, which 
is itself developing yellow colors. A t  about 150°, white solids begin to sublime 
out of the residue; a t  200°, the residue, which may have become quite orange, 
has been entirely transformed into the white sublimate and colorless liquid. 
The two products, on mixing, reproduce the yellow colors observed in the 
mixture in the course of its thermal decomposition. From qualitative tests, 
each p r o d ~ ~ c t  contains chlorine, amine, and phosphorus or arsenic. 
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TABLE I1 
CO~~POSITION A N D  STAUILITY OF ADDITION COMPOUNDS 

---- 

1 Experimental data 

I Softening 1 Decomposition 
temperature, Transitions temperature, 

MX. j OC. ~ 
ca. 0 

The  addition of triethylamine to excess phosphorus trichloride a t  -7S°C., 
or to  arsenic trichloride a t  O°C., produces oily liquids and transparent, colorless 
low melting glasses, as  the mole ratio changes. One mole of amine in five moles 
of phosphorus trichloride is a transparent glass a t  -7g°C., but shows the 
normal vapor pressure of phosphorus trichloride, and can be magnetically 
stirred, a t  lG°C. As phosphorus trichloride vapors are removed, tlie stirring 
beconies more difficult and a t  mole ratios of about 1:l tlie vapor pressure 
begins to  fall, rather abruptly, and continues to  fall more slowly, as  the gel 
transforms into a white powdery solid, with the experimental formula, PC13.2.8 
EtZN. The  latter compound, in its behavior a t  higher temperatures, is identical 
with the triaminate recovered from mixtures rich in amine. 

Aniine in excess arsenic trichloride produces mixtures that differ from those 
with phosphorus trichloride in that  the softening temperatures of the glasses 
are higher, and the transformation to  the triaminate is not complete. T h e  
experimental conipositions and softening temperatures of what will be called 
the ~nonaminates of phosphorus and arsenic trichlorides are shown in Table 11. 

The  trichlorides of antimony and bismuth are solid compounds. No changes 
are observed in them when triethylamine is aclded a t  -78O. 0 1 1  warming to  
room temperature, the solids slowly expand to  volunles many times the 
original one, but  liquid amiiie remains visibly unassociated if the amine to  
trichloride ratio is greater than 6 : 1. On removing the amine from the mixture, 
although the solid shrinks, the vapor pressure very nearly remains normal 
until it drops to  zero a t  about a 1 : 1 composition in the mixture (Table I). 
On warming, the white solids turn black and begin to melt, but no vapor 
pressure is developed. The  aminate of arsenic trichloride turns black a t  40' 
and begins to  soften a t  about 50°, turning into a red-brown liquid a t  about 
100°, without any signs of chemical deconlposition. The monoaminate of 
bismuth trichloride transforms to a gray glassy solid a t  about 140" and begins 
to  soften a t  about 210'. Once formed, the monoaminates remain glassy solids, 
even a t  low temperatures. 

20°, -2 PC13 to 
triaminate 

40°, to black glass 
140°, to gray glass 
170°, to  black powder 
175", to black liquid 

' 
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The Pentachlorides 

1,iquid triethylamine, condensed into solid phosphorus pentachloride a t  
-7g°C., disappeared in the formation of a new white solid that looked wet 
if  the amine excess was greater than 6 to 1. The solids cracked and shrank, and 
the vapor pressure dropped slowly, as ainine was removed (Table I).  In two 
mixtures, orie of which (PC15 a)  had stood a t  room temperature for two hours, 
the other (PC15 b) for two days, the products remaining when all volatile 
amine had been removed had the experimental compositions, respectively, of 
PC15.2.5 Et3N and PC15.1.1 Et3N. The former was white, the latter yellow. 
The thermal decompositions of the tiiro aminates differed in the relative 
amounts of products, but were otherwise rather similar. Both compou~lds were 
unchanged a t  115OC., but then began to decompose. The products were a gas 
volatile a t  -78", a colorless nonvolatile liquid, and, from the monoaminate 
only, a solid subli~nate. Both conlpounds were j~ellow a t  this temperature, 
turned black rather abruptly a t  170-175", and soon after began to soften 
(Table 11). 

Liquid antimony pentachloride also for~ned mixed products when mixed 
with triethylamine a t  0°C. The addition of amine to pentachloride was accom- 
panied by the immediate formation of colored compounds which, a t  about a 
1 to 1 mole ratio, had beco~ne a glass-like, almost black solid. No further 
change occurred upon the addition of more amine, perhaps because stirring 
was not possible. Experimentally, the monoaminate had the composition, 
SbC15.1.2 Et3N. I t  began to soften a t  about 60" and to decompose (a gas 
volatile a t  -78°C.) above 100°C. (Table 11). The addition of antimony penta- 
chloride to excess triethylamine produced, in addition to the noncrystalline 
black solid, a white flocculent solid. The vacuum system technique did not 
permit the separate preparation of these compounds. The mole ratio of the 
mixture, SbC15.2.4 Et3N, has therefore no specific significance. I t  might be 
mentioned that  the addition of a petroleum ether solution of antimony penta- 
chloride to excess triethylamine produces only a white solid. 

DISCUSSION 

The Group V elements, like the Group IV elements, combine with halogens 
to form compounds in which all valence orbitals contain electron pairs. These 
nlolecular halides are nevertheless still able to form addition compounds with 
donor groups like triethylamine. The co-ordinate bonds presumably responsible 
for such intermolecular con~binations require the presence of accepting orbitals 
on the molecular halide. However, only outer orbitals are vacant; it becomes 
necessary, therefore, to ascribe to them the property of reaction with donor 
electron pairs, if the addition compounds are to be explained. 

Each atom in the molecular halide is expected to contribute to the molecular 
accepting orbitals to an extent dependent on the electronegativities and energy 
levels of its outer orbitals. The numerous atomic orbitals then combine with 
one another, through the geometry of the molecule, to provide the molecular 
accepting orbitals the molecular halide shows in its addition compounds. 
Perhaps the detailed problem involved in these combinations can be solved. 
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However, the geometry of the nlolecular halide depends only on the orbital 
configuration of the nonhalogen atom. I t  is also the point of l~igllest symmetry 
in the nlolecule, which is a distinct consideration in the formation of the 
molecular accepting orbital. The  nonhalogen atom may therefore itself largely 
determine the structures and valences sho\vn in the addition conlpounds of 
these molecular halides. The sinlplification permits a specific disci~ssion of the 
con~pouncls, particularly in a series in which the halogen remains the same. 
In the trichlorides of phosphorus, arsenic, antimony, and bismuth, the outer 
orbitals are the (n + l )s ,  (n + l ) p ,  nd, (n - 1)f orbitals of the Group V 
elements. As the outer s orbital is stabler than any  others a 1 : 1 compound is a 
possibility for all the Group V chlorides. More extensive addition of donor 
groups, in which s, p ,  d hybrid orbitals are used, are also possible, particularly 
with the hybrid configurations tha t  reflect the structure of the molecular 
halide ( I ) .  The  increase in the stability of the orbitals, from phosphorus to  
bismuth, as  the energy separation between the valence ancl the outer orbitals 
is diminished, is counterbalancecl by a decrease in their accepting properties 
as the electronegativity of the Group V atoms becomes smaller. 

The  presence of an unshared electron pair on the Group V atom, if it occupies 
a directed orbital, woulcl have definite effects on the addition compounds of 
the trihalides. The  bond angles in the trichloricles of phosphorus, arsenic, and 
antimony are all greater than 10O0, ancl indicate that  the electron pair is in the 
fourth sp3 orbital about those atoms. As long as  this position is occupied a 
tetrahedral structure for the monoaminate is not possible, and looser, less 
distinctive 1 : 1 associations are implied. In  contrast, the triaminates may have 
definite structures. Two related possibilities arise. In each, the same hybrid 
from the stabler outer orbitals, the (n. + 1)s and the nd, is assigned to  the 
coordinations. The  hybrid most suited to  the structure of the trichloride is the 
planar dLs. I t  puts three amines in three identical positions around the mole- 
cular halide. Each amine is located between and above two chlorine atoms, in 
the plane perpendicular to the  insh ha red sp3 orbital. The  alternative structure 
occurs if  the lone-pair on the nonhalogen shifts from an sp3 to an s orbital. 
The three bonds in the trichloride therefore become p3. In combination with 
the rZ"s co-ordinations, an octahedral type p3rZ2s structure for the triaminate is 
achieved. Either alternative implies a solid structure of perhaps chain or layer 
type, and therefore explains the valence and state of the triaminates. 

Though the triaminates were definite compounds with PC13 and AsC13, only 
indirect and visual evidence for polyaminates were obtained \\,it11 SbC13 and 
BiC13. Tha t  is, the triaminates were the more stable compounds with the 
liquid trichlorides, while the monoaminates were with the solid trichlorides. 
I t  is possible that  this co~nparison is partly unreal, in the sense tha t  i t  may 
reflect the experimental method, rather than a physical property; tha t  is, the 
solid halides could not be added to  the amine as  isolated n~olecules. Neverthe- 
less, the co-ordinations in a layer structure like BiC13 are always competitive 
with those involved in the addition of amine,For this reason the eli~nination of 
amine is an easier process from a solid chloride than from a liquid chloride, if 
the amine co-ordinations are sinlilar in both cases. Apart  from this, it seems 
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likely that the bismuth monoaminate may have achieved extra stability 
through hybridization. I ts  lone-pair is most likely, of the Group V elements, 
to be undirected, physical evidence coming from its ( 6 x 2 )  layer structure and 
from its ionic valence. Then the monoaminate could have the more symmetrical 
p3s structure, with the chlorines and the amine using equivalent bismuth 
orbitals. Transitions from white powders to dark glass-like compounds were 
observed in the monoaminates of antimony and bismuth a t  40" and 140" 
respectively. 

Oddly enough, perhaps, monoaminates and triaminates appear to be the 
best possibilities for the pentachlorides as well. The monoaminate uses the 
(n + 1)s orbital to  make the glass-like compo~lnds, observed with antimony 
pentachloride, and a t  higher temperatures perhaps with phosphorus penta-. 
chloride. An alternative for the monoaminate is the combination of an nd 
orbital with the sp3d pentachloride to make an octahedral sp3d" monoaminate. 
One monoaininate of phosphorus pentachloride was a yellow powder, up to 
11.5" (Table 11). 

The next definite addition compound, in the model, uses outer d% orbitals, 
and just fits three amines into the three equivalent l~ollows of the trigonal 
bipyramid pentachloride molecule. I t  was not, however, possible to prepare the 
polyaminates of these compounds. in a pure state. The observed mole ratios of 
2.5 in mixtures can only indicate that polyaminates occur, and do not imply 
that a real triaminate has been approximated. I t  is to be remembered that 
PC15 has a solid structure that  combines PC14 with PC16 units in three dimen- 
sions. The nonintegral mole ratio may imply that these units add different 
numbers of amines, as the solid struct~lre changes, and that further exchanges 
occur between them before aminated PC15 units are obtained. 

I t  has not been possible from the data to draw any conclusions about the 
relative strengths of the amine co-ordinations with the series of Group V halides. 
This is partly because thermal decomposition precedes vaporization and dis- 
sociation for these compounds, and partly because the properties of the 
condensed phases depend in an important way on other structural factors. 
However, the occurrence of stable a~ninates with all of the chlorides does 
imply that a t  least two factors are involved in the additions, particularly as  
the triaminates were most marked with PC13, and the monoaminates with 
BiC13. 

REFERENCES 
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T H E  ACETYL G R O U P  MIGRATIONS I N  D-GLUCOSE DIETHYL 
THIOACETYL TETRAACETATE' 

BY R. IJ. LEMIEUX AND H. F. BAUER 

ABSTRACT 

The D-glucose diethyl thioacetal tetraacelate prepared by Wolfrom and 
associates both by detritylation of G-0-trityl-D-glucose diethyl thioacetal tetra- 
acetate and mercaptalatio~l of 2,3,4,6-tetra-0-acetyl-8-~-glucose was obtained 
by direct acetylation of D - ~ ~ u c o S ~  diethyl thioacetal with acetic anhydride and 
sodiunl acetate. Methylation of the tetraacetate followed by deacetylation and 
demercaptalation gave only 2-0-methyl glucose and methyl 8-D-glucopyranoside. 

Acetylation of D-glucoSe diethyl thioacetal ( I )  with acetic anhydride and 
sodium acetate on the steam bath for a half hour results in the formation of a 
tetra-0-acetyl derivative (11) which can be readily isolated in 10-15% yield. 
The forination of I1 is analogous to  the formation of the substance believed to 
be 3,4,5,6-tetra-0-benzoyl-D-glucose diethyl thioacetal 011 reaction of D-glucose 
diethyl thioacetal with benzoyl chloride in aqueous alkali ( I ) .  We have found 
tha t  the tetraacetate (11) behaves in a manner similar to the tetrabenzoate (2) 
in tha t  it undergoes methylation a t  the C2-position on treatment with methyl 
iodide and silver oxide. Deacetylation of the product formed on the methyla- 
tion of the tetraacetate (11) gave a 56% yield of 2-0-methyl-D-glucose diethyl 
thioacetal (111). T h e  material in the mother liquor was deacetylated and 
demercaptalated. The  only monomethyl derivative of glucose other than 
2-0-methyl glucose which could be identified in the product by application 
of the  method developed by the authors for identifying mono-0-methylglucoses 
(7) was inethyl P-D-glucopyranoside. T h e  formation of the glucoside is attri-  
butable to the  ability of silver oxide t o  bring about the deinercaptalation of 
thioacetals (4). 

The tetraacetate (11) was found to be identical with the compound prepared 
by Wolfrom and associates (12) both by detritylation of 6-0-trityl-D-glucose 
diethyl thioacetal tetraacetate (IV) and by inercaptalation of 2,3,4,6-tetra-0- 
acetyl-B-D-glucopyranose (V) with ethanethiol containing zinc chloride. 
Our methylation experiments suggest tha t  compound I1 is 3,4,5,6-tetra-0- 
acetyl-D-glucose diethyl thioacetal. However, Wolfrom and co-workers have 
shown (12) tha t  partial demercaptalation of I1 yields ethyl tetra-0-acetyl-a- 
D-1-thioglucofuranoside (VI). Thus, the free hydroxyl group in I1 may be a t  
positions 2 or 4. T h e  tetraacetate (11) (and perhaps the tetrabenzoate of Brig1 
and Miihlschlegel (1)) may undergo preferential methylation a t  the C2- 
positioil for the same reasoil tha t  D-glucose diethyl thioacetal undergoes 
preferential methylation a t  this position (8). Wolfrom and Anno (10) have 
shown tha t  acetylation of D-glucosamine diethyl thioacetal with acetic an- 
hydride in pyridine has yielded (11) a crystalline tetraacetate. Considering the 
ease with which anlines can be acetylated, this substance, which is closely 

1 A.lanzlscripl received Decenlber 7 ,  1953. 
Conlribzllion from the Nalional Research Council of Canada, Prairie Regiotzal Laboralory, 

S(iskaloon, Saskatchewan. Isszled a s  Paper No. 167 on  lhe Uses of Plant Prodircls and  as  N.R.C. 
No. 5216. 
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CH(SEt)z 
I 

HCOH 
I 

HOCII 
I 

HCOH 
I 

MCOH 

A ~ O C  1-1 
I 

1-1 c o x c  
I 

H COAc 

H COAc 
I 

I-I co 

D -Glucose diethyl thioacetal tetraacetate 

MCOCH3 HCOXC 
I 

I-IOCH AcOCH 
I I 

HCOH fICO 
I 

I I COAc 
I 

CH z 0 . Z ~  

related to the tetraacetate (11) of D-glucose diethyl thioacetal, almost certainly 
possesses a 2-N-acetyl group. I t  is conceivable that the two tetraacetyl deriva- 
tives display resistance to acetylation for the same reason. I t  is of interest to 
note that an orthoacid structure could account for the resistance of these 
compounds toward acetylation. I n  this respect, i t  is noteworthy that Doer- 
schuk (3) has confirmed the opinion of Fischer (5) that acyl group migrations 
are intramolecular and proceed by way of orthoacid intermediates. 

In conclusion, the present data show that the tetraacetate (11) is a labile 
compound which can react as if either position 2 or position 4 were open. The 
position of the free liydroxyl group remains unknown. 
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EXPERIMENTAL 

The rotations were measured a t  22-25'C. 

Tetra-0-acetyl-D-glucose Diethyl Thioacetal (11) 
A mixture of D-glucose diethyl thioacetal (4), 5 gm., acetic anhydride, 50 ml., 

and sodium acetate, 5 gm., was heated on the steam bath for 30 min. The 
solution was stirred with ice water to  decompose the anhydride and the mixture 
was extracted with chloroform. The chloroform solution was washed with 
aqueous sodium bicarbonate solution and water, dried, and evaporated to a 
sirup. The sirup readily yielded a crystalline product on being scratched in 
alcohol. Recrystallization from ethanol gave 1.22 gm. of material, m.p. 117- 
llg°C., [a]D -23O (c, 4 in chloroform), which did not depress the melting point 
of the tetra-0-acetyl-D-glucose diethyl thioacetal of same physical constants 
prepared by mercaptalation of 2,3,4,6-tetra-0-acetyl-P-D-glucose as reported 
by Wolfrom and co-workers (12). Calc. for C ~ O I - I I ~ O ~ S ~ ( C H ~ C O ) ~ :  acetyl, 37.8; 
S, 14.1%. Found: acetyl, 36.6; S, 13.9%. The substance possessed an absorp- 
tion band a t  3425 cm.-' which is characteristic of hydroxyl groups. 

Methylation of the Tetraacetate (11) 

The tetraacetate (11), 1 gm., was shaken a t  room temperature with 5 ml. of 
dry dioxane, 10 ml. of methyl iodide, 1 gm. of freshly prepared silver oxide, 
and 1 pm. of Drierite. After two hours, 1 gm. of silver oxide and 0.5 gm. of 
Drierite were added and the shaking was continued for four hours. The silver 
salts were collected and washed with methanol. The filtrate was evaporated to 
a sirup which was dissolved in 30 ml. of saturated methanolic ammonia solu- 
tion. After standing overnight a t  O°C., the solution was evaporated to a crys- 
talline residue which was triturated with ether. Recrystallization from ethanol 
gave 0.34 gm., 56% yield, of a substance, m.p. 156-157O, [a]* -25.5' (c, 2 in 
pyridine), which did not depress the melting point of an authentic sample of 
2-0-methyl-D-glucose diethy1 thioacetal (9) of same physical constants. 

The  noth her liquors from the above isolation of 2-0-methyl-D-glucose diethyl 
thioacetal were evaporated to a sirup which was heated for 30 min. on a steam 
bath with 25 ml. of saturated aqueous mercuric chloride solution in 25 n ~ l .  of 
water. The clarified solution was deionized by using hydrogen sulphide to 
precipitate the mercuric ions and Amberlite IR4B to remove the hydrochloric 
acid. Evaporation gave 0.30 gm. of sirup which was found to contain mono- 
methylglucoses as the main component and small amounts of glucose and 
di-0-methylglucoses. The mono-0-methylglucose fraction was isolated by 
preparative paper chromatography (7). The material crystallized after some 
time. Recrystallization from ethanol gave a substance which was identified as 
methyl P-D-glucopyranoside by its melting point (110-lll°C. with a crj7stalline 
transformation a t  104-105'C. (6)), specific rotation (-33.1" (c,l in water)), 
mixed melting point (undepressed) and infrared spectrum (identical to that of 
the authentic sample). 2-0-methyl-D-glucose was the only mono-0-methyl-D- 
glucose which could be identified in the mother liquors by the procedure of 
Lemieux and Bauer (7). 
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THE KINETICS OF THE PYROLYSIS OF ETHYL 
AND ISOPROPYL FORMATES AND ACETATES' 

ABSTRACT 

The pyrolysis of ethyl formate, isopropyl formate, ethyl acetate, and iso- 
propyl acetate has been carried out under conditions which favor the decompo- 
sition of these esters into the corresponding acid and alkene to the exclusion 
of side reactions. The rate expressions found were: ethyl forrnate k = 2.13 x 1011 e - 4 1 , 1 i 0 f 2 0 0 1 ~ ~  SeC.-l; iSOPrOPYl forInate k = 3.8 x.1012 e - ; 4 . 0 0 0 f 1 0 0 1 ~ ~  

set.?; ethyl acetate, k = 3.06 X 10'2 e-47.750*i00'~T set.?; isopropyl acetate, 
k = 1.00 X 10'3 e-45~00~~001RT set-1. The nature of the transition state is dis- 
cussed and compared with that for similar decompositions. 

INTRODUCTION 

The pyrolysis of esters has been the subject of extensive research (1,3,  9, 10). 
In general, for those esters with a P-hydrogen in the alkyl group, the products 
are the corresponding acid and alkene. Methyl esters are comparatively 
stable, decomposing only a t  more elevated temperatures into a variety of 
products. 

Kinetics studies have been made on the decompositions of ethyl (lo),  
isopropyl, and n-propyl formates ( I ) ,  the primary products being the alkene 
and formic acid. The interpretation of the data was, however, rendered 
difficult by the decomposition of the formic acid into hydrogen, carbon 
monoxide, carbon dioxide, water, and formaldehyde. 

Hurd and Blunk (9) have proposed a mechanism involving a "cyclic hydro- 
gen bridge" to explain the decomposition of esters into acid and alkene. 
Recent studies of the decomposition of vinyl alkyl ethers (6,4)  suggest that 
a similar type of activated complex is involved in the decomposition of these 
ethers. 

The  present pyrolyses have been carried out  in a flow system with toluene 
as a carrier gas. Toluene has been used extensively to suppress chain reactions 
in thermal decompositions where free radicals are produced (11,6,7,4).  This 
research represents a successful attempt to apply this technique to a system 
in which heterogeneous reactions complicate the normal homogeneous de- 
composition. 

1 Ikanztscript received Dece?vber 18 ,  1953. 
Contribution from the Departt~zent of Chemistry, University of Wisconsin, ATadison, 

Wisconsin, and the National Research Cout~cil of Canada, Ottawa, Canada. Isszred as  N.R.C. 
No. 3216. 

2 National Research Laboratories Postdoclorale Fellow 1956-1954. 
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BLADES: PYROLYSIS 367 

EXPERIMENTAL 

Similarly designed but different apparatuses were used for the decompo- 
sitions of the ethyl and isopropyl esters; rate constants for the decomposition 
of ethyl acetate in the two, however, differed by no more than five per cent 
and consequently no distinction will be made in their description. Both have 
been described previously (7, 5). 

Briefly, the technique involved the passage of the reactant through a long 
narrow reaction chamber in the presence of an excess of toluene vapor. The 
pressure of gas (about 1.5 cm. Hg) was maintained constant and the flow rate 
regulated by suitable capillaries chosen to give contact times between 0.15 
and 0.8 sec. The products were condensed in liquid air traps and the alkenes 
isolated a t  the end of the experiment by being pumped off the traps a t  - 120' C. 
with a Toepler pump. The quantity of acid produced was determined by. 
shaking the liquid products with a few cubic centimeters of water and titrating 
with 0.1 N sodium hydroxide solution. With the formate esters it  was necessary 
to carry out this titration a t  5O C. to prevent the hydrolysis of the undecom- 
posed ester. 

The esters (Eastman) were purified by distillation on an efficient column. 
Ethyl formate, b.p. 52.1' C. a t  728 mm. 
Isopropyl formate, b.p. 69.0' C. a t  768 mm. 
Ethyl acetate, b.p. 76.8" C. a t  748 mm. 
Isopropyl acetate, b.p. 88.7' C. a t  764 mm. 

RESULTS 

The only products found in all of these pyrolyses were the corresponding 
acids and alkenes. No appreciable quantity of any of the normal decompo- 
sition products of the acids was detected even a t  the highest temperatures, 
i.e. 650°C. nor was there any evidence of the production of bibenzyl as  
would have been expected if the reaction had involved the production of free 
radicals. 

The equivalence of acid and alkene was demonstrated in the products of 
the decomposition of each compound. By varying the flow rate of the gases 
in the reactor it  was demonstrated that the rate of production of acid obeyed 
a first order rate expression up to 70 to 80% decomposition of these esters 
(see Table I, Expts. 6, 7, 8;  9, 10, 11; Table 11, Expts. 8, 9, 10; 11, 12, 13, 14; 
Table 111, Expts. 6, 7, 8; Table IV, Expts. 9, 10, 11 ; 14, 15, 16). 

Fitting the data in Tables I,  11, 111, and IV to the Arrhenius equation by  
the method of least squares yields the following rate expressions. 

Ethyl formate, k = 2.13 X 10" e-44-140 * 200/RT secC1. 
Isopropyl formate, k = 3.8 X 1012 e-44,000 f lo0IRT sec-l. 
Ethyl acetate, k = 3.06 X 1012 e-"7.750 f 100IRT set-l. 
Isopropyl acetate, k = 1.00 X 1013 e-45e00U * 'OOIRT seccl. 
Plots of these data are shown in Figs. 1 and 2. 
By comparing these rate expressions with the absolute rate theory equation C
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TABLE I 
RATE STUDIES ON ETHYL FORhIATE 

I I I I I I 
Espt.  

Number 
Total 
moles -- 
.0453 

Pressure, 
cm. Ilg 

2.07 
2.06 
2.07 
1.47 
1.84 
1.66 
1.96 
2.11 
1.50 
2.03 
1.90 
1.85 
1.54 

Contact 
time, sec. 

Temp., k, 
set.-I 

-- 

TABLE I1  
RATE STUDIES ON ISOPROPYL FORMATE 

Total k, 
Nurnber set.-I 

TABLE 111 
F&TE STUDIES ON ETHYL ACETATE 

h p t .  1 zg 1 Pressure, ! contact  
Number 
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BLADES: PYROLYSIS 369 

TABLE IV 
RATE STUDIES ON ISOPROPYL ACETATE 

I I I I I I 
Pressure, Contact I % Tcmp., 

Number moles I cm. Hg time, sec. Decomp. K. 
Expt. I 

FIG. 1. The temperature coefficient of the rate. 
0 Ethyl formate. 17 Ethyl acetate. 

and assuming that the transmission coefficient K is unity, the following 
entropies of activation are obtained. 

Ethyl formate AS' = -10.7 e.u. a t  800' K. 
Isopropyl formate AS' = -4.9 e.u. a t  800' K. 
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FIG. 2. The temperature coefficient of the rate. 
0 Isopropyl formate. E l  Isopropyl acetate. 

Ethyl acetate AS' = -5.4 e.u. a t  8.00° I<. 
Isopropyl acetate AS' = -3.0 e.u. a t  800' K. 

DISCUSSION 

The molecular nature of the ~nechanism for the decomposition of esters 
with a P-hydrogen in the alkyl group is confirmed by the present research. 
If free radicals were produced they would be expected to react with the 
excess of toluene. 

R' + CcjHsCH3 + RH + CcjHsCHi 
The  benzyl radicals would dimerize t o  bibenzyl. The lack of bibenzyl among 
the products is then good evidence against any free radical mechanism. 

That  the presence of the toluene prevented the normally heterogeneous 
decomposition of both the acids and esters suggests tha t  these decompositions 
are free radical chain reactions initiated a t  the wall. Hinshelwood (8) has 
shown that the decomposition of methyl formate is sensitized by the photolysis 
of acetaldehyde, indicating that esters are, indeed, susceptible to  radical chain 
decomposition. 

The rate expression previously reported for the decomposition of ethyl 
formate (10) (k = 2.52 X lo9 e-40~0101RT sec.-l) compares unfavorably with 
that  found in the present research. Rates calculated from the two expressions 
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BLADES: PYROLYSIS  37 1 

are sufficiently similar, however, to conclude that the same reaction is in- 
volved. For isopropyl formate, the rate expression found by Anderson and 
Rowley (I) (k = 2.47 X 1012 e-4'330'RT set.-l) is very close to that recorded 
here. 

The activation energies found for ethyl formate (44,140 cal./mole) and 
isopropyl formate (41,000 cal./mole) are identical within the experimental 
error. In this regard, these esters behave like ethyl vinyl ether (43,800 cal./ 
mole) and isopropyl vinyl ether (13,560 cal./mole). The  activation energies 
for the corresponding acetates (i.e. 47,750 and 45,000 cal./mole) are slightly 
higher and differ by considerably more than the experimental error. The  dif- 
ference between the activation energies for the formates and acetates is prob- 
ably due to hyperconjugation in the normal acetate molecule which is absent 
in the transition state. No explanation can be given to account for the dif- 
ference in activation energy between the ethyl and isopropyl acetates. 

An interesting feature of this series of compounds is the negative value of 
the entropy of activation. Such a value is consistent ~v i th  the formation of 
the cyclic transition state suggested by Hurd and Blunk (9) since three internal. 
rotational degrees of freedom are converted to relatively inactive vibrations in 
the process of activation. 

The regular trend in the entropy of activation as successive methyl groups 
are added to the molecule is predictable on the basis of the increased number 
of P-hydrogen atoms available for the formation of the activated complex, 
and of the increased restriction of internal rotation in the normal molecule. 
The effect of the increased moment of inertia, which would have the opposite 

. effect, seems to be very small compared to the other two. 
Remarliably similar entropies of activation were also observed in the 

decomposition of ethyl vinyl ether (6) (AS' = -10.2 e.u. a t  800' K.) and iso- 
propyl vinyl ether (4) (AS' = -4.8 e.u, a t  760° I<.), which differ from the 
ethyl and isopropyl formates only in the substitution of a methylene group 
for an oxygen atom. This similarity lends considerable support to the belief 
that similar activated complexes are involved in the decomposition of esters 
and vinyl ethers. 

Finally, it is worthy of note that in this series of compounds which decompose 
via similar mechanisms, there is no suggestion of any relation between the 
logarithm of the frequency factor and the activation energy as has been found 
by Barton et al. (2) in the decoinposition of alkyl chlorides. I n  fact, there is 
evidence for conlplete independence of the two variables. 
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STUDIES I N  THE POLYOXYPHENOL SERIES 

VI. T H E  OXIDATION O F  PYROGALLOL AND VANILLIN BY ALKALINE 
HYPOIODITE AND EIYPOCHLORITE1 

ABSTRACT 

Approximately 0.003 A f  solutions of pyrogallol and of vanillin in boric acid - 
sodium hydroxide buffers were used a t  25°C. to reduce hypoiodite and hypo- 
chlorite solutions made from sixfold molar amounts of the halogens. In  all four 
cases the reduction reached a maximum in a narrow range near pH 9, and with 
hypoiodite the production of iodoform was restricted to this ra'nge. Slower 
secondary reductions were superimposed on very fast primary reactions. When 
oxidized with an equimolecrilar amount of halogen near pH 8.5, vailillin gave a 
90% yield of 5-iodovanillin and 65% of the 5-chloro derivative. These yields 
decreased with increasing alkalinity a s  the halogenations became slower. A new, 
simple preparation of trichloropyrogallol in 72% yield consisted of carrying out 
the chlorination with 3 moles of hypochlorite a t  pH 12. An equilibrium between 
pyrogallol-hypoiodite and 3-hydroxy-1,2-benzoquinone-iodide appeared to  
exist a t  the same pH. 

INTRODUCTION 

Numerous researches have shown that a proper control of the hydrogen ion 
concentration and similar variables is of great importance in the removal of 
residual lignin from wood pulps by bleaching with alkaline hypochlorite. The 
results are difficult to interpret in a chemical sense because little is known 
about the structure of lignin beyond the fact that i t  is in great part based upon 
phenolic units related to vanillin and syringaldehyde. Soper and Smith (26), 
however, showed that simple monohydric phenols reacted with hypochlorous 
acid a t  a rate directly proportional to the concentration of the hydroxyl ion in 
the region of pH 7, but that the rate became inversely proportional near pH 12. 
Hypochlorous acid, unlike free chlorine, had no action on phenolic ethers, and 
the oxidation of phenols by hypoiodite was relatively slow. The last observa- 
tion had its counterpart in the lignin field, because Hixon and his collaborators 
(5, 29) found that the consumption of alkaline hypoiodite by various lignins 
ceased a t  a rather low limit, whereas the consumption of l~ypocl~lorite pro- 
ceeded almost indefinitely. The present research had the object of gaining 
information about the conditions necessary for the "limited" action of excess 
hypoiodite on simple phenols, and of discovering whether the action of hypo- 
chlorite could also be limited. Pyrogallol and vanillin were chosen for the study 
because the results might eventually prove relevant to lignin. 

REACTIONS WITH ALKALINE HYPOIODITE 

The initial experiments were carried out with dilute aqueous solutions of 
pyrogallol containing a sixfold molar amount of iodine, and buffered with 

Manzrscript received December 8, 1965. 
Contribution from the Division of Indzrstrial and Cellzllose Chemistry, iCfcGill Uniuersity, 

and the Wood Chemistry Division, Pulp  and Paper Research Institute of Canada, Montreal, 
Que. Abstracted from a Ph.D. Thesis sz~b?tzitted by G. D. T .  i n  September, 1947. 

Holder of a lVationaL Research Council of Canada Studentship i n  1965-6, and of a Fellowship 
i n  1946-7. Present address: Science Service Laboratory, Department of Agriculture, London, Ont. 
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boric acid - sodium hydroxide (Table I) .  Since hypoiodite rapidly decomposect 
to iodate and iodide in solutions containing excess alkali (23), the estimation of 
unused hypoiodite a t  any  time had to include the by-product iodate. This 

TABLE I 
REDUCTION OF HYPOIODITE BY PYROGALLOL DURING 24 HR. AT 25'CP 

--- -- 

I NaOH 1\4oles H I 0  NaOH Moles H I 0  
RLI n M 1 pH 1 reducedb 1 Rul1 i lvf 1 pH 1 reducedb _ _ I  -- 

Boricacid, 0.2 11.1; 12, 0.0204 M / /  Unbuffered; 12, 0.21 ill 

objective was attained by titrating the iodine liberated when aliquots were 
strongly acidified, and control experiments showed tha t  the iodine consumed 
after the acidification was probably not more than 0.15 inole per mole of 
pyrogallol. 

Columns 4 and 8 of Table I record the inolar amounts of iodine (or hypo- 
iodite) reduced by  1 inole of pyrogallol after 24 hr., when the reaction had 
certainly ceased. These amounts passed through a nlaxilnum of 5.3 moles 
near pH 9.4 (run 3), and through a minimum of 1.25 moles near pH 12 (runs 
5 to 9). Omission of the borate buffer and a 10-fold increase in the concentration 
both of iodine and pyrogallol gave solutions whose pH decreased seriously 
during the reaction unless the nlolarity of sodium hydroxide was a t  least 0.54 
(run 19), but  a greater concentration of alkali had little effect (runs 20, 21). 
Although the  minimum of 1.25 moles near pH 12 was not maintained in the 
absence of the buffer (run 22), buffered solutions retained the minimum even 
when the molar ratio of iodine to pyrogallol was reduced from 6 : 1 to 3 : 1 
and 2 : 1 (runs 23 to  25). The  titrations in these particular runs could not be 
closely reproduced, and consumptions of iodine as  high as  0.87 moles were 
observed a t  intermediate times. . 

:A12 concentrations i n  moles per liter, the molar ratio of iodine to pyrogallol being 6 : 1. 
Per mole of pyrogallol. 

'Final  p H  was 6.7 after 17.5 Izr. 
dn/rolar ratio of iodinr to pyrogallol, 3 : 1. 
'Molar ratio of iodine to pyrogallol, 2 : 1. 

4 .8  

4.9 

5 .3  

4.1 

1.25 

1 .7  

1 . 7  

1 . 7  

2 . 5  

10 

20 

8.0' 

8 . 6  

0 .4  

9 .7  

12.0 

12.5 

>13  

>13  

>13  

0.04 

2 

0.54 

0.61 

12.5 

13 

>13 
- 

3 

4 

5 

6 

7 

8 

0 

0.63 
21 -- - 

2 .8  

2 . 7  

2.65 0.16 

0.21 

0.26 

0.31 

0.36 

0.42 

0.47 

Unbuffered ;,I2, 0.0205 M 
-.-, -- - -- 

8 
- -  

11.7 2.4 

Boric acid, 0.2M; I?, 0.0205 M 
-- 

23 

~4~ 

25" 

-- -- 
0.26 

0.26 

0.26 

11 . Y  

11.9 

11.9 

-- 
0.71 

0.74 

0.72 
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The initial portions of the rate-plots for runs 1 to 6, and also for runs 9 and 
25, (Fig. 1) clearly showed that the first stage in the reaction was always very 

T I M E  I N  H O U R S  

FIG. 1. Initial rate of reaction of 0.0033 M pyrogallol with 0.02 A f  iodine a t  25'C. Moles of 
iodine reduced per mole of pyrogallol a t  the pH values shown. Run 25 with 0.01 A f  pyrogallol. 

rapid, and that the ultimate consumption of iodine by the pyrogallol (Table I)  
depended on the progress of secondary reactions. These secondary reactions 
were most extensive a t  pH 9.4 and decreased to zero, both in speed and in 
amount, near pH 12. The minimum a t  the latter pH was not caused by the 
prior conversioil of all excess hypoiodite to  iodate, because the consu~nption 
was about 2.5 times greater in stronger alkali (pH > 13) where competition 
with the conversion to iodate would be still more serious (23). The first four 
oxidations (Table I) resulted in pale orange solutions, of which the first and 
fourth deposited only traces of iodoform, whereas the second and third yielded 
0.14 and 0.16 moles respectively, per mole of pyrogallol. Iodoform was 
therefore produced only in the range pH 8.6 to 9.4, when the secondary 
reaction was unusually extensive and prolonged. 

Since about one mole of iodine was reduced by pyrogallol (Structure I)  a t  
pH 12, the initial product could not be of a complicated nature, and the dark 
red color of the solution indicated the presence of a quinonoid rather than an 
aromatic structure. The most probable assumption (25, 33) for the initial 
product was the very labile 3-hydroxy-1,2-be1lzoquinone, (IIa), or the corre- 
sponding radical (IIb), (10) or other tautomer. Subseque~lt oxidations were 
carried out with equinlolar amounts of iodine and pyrogallol in a borate 
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buffer a t  pH 12, and, as the solutions were reproducible and stable for hours, 
they were designated "oxidized pyrogallol solutions." In accord with the 
above assumption, the red color of the "oxidized pyrogallol solution" lightened 

+ l o -  

/'J\ pH 12 
130 1 OH OH 

OH 0 ' 0- 
I I Ia I Ib  

considerably when zinc dust was added as a reducing agent, ant1 subsequent 
acetylation of the alkaline solution with acetic anhydride (3) recovered a t  least 
52% of the pyrogallol as the crystalline triacetate. Sodium hydrosulphite also 
discharged the color of the solution to a light yellow, but pyrogallol triacetate 
could not be recovered, perhaps because sulphonation occurred (11). Although 
the addition of sodium thiosulphate failed to reduce the color of the solution 
noticeably, and presumably failed to reduce the supposed quinone, the sub- 
sequent acetylation gave an 89% yield of pyrogallol triacetate. The "oxidized 
pyrogall~l solution" was then acetylated without prior reduction, and a control 
acetylation was made with a solution from which the iodine had been omitted. 
Pyrogallol triacetate was isolated in yields of 897, and 87%, respectively, from 
the two experiments. These observations suggested that  the "oxidized pyro- 
gall01 solution" contained pyrogallol and hypoiodite in equilibrium with the 
hydroxyquinone and iodide, and that  acetylation of the pyrogallol drove the 
equilibrium far to  the left with the regeneration of hypoiodite. Aliquots of the 
solution, when acidified and titrated with standard sodium thiosulphate 
immediately before and after the acetylation, were found to contain 41% and 
92%) I;espectively, of the original hypoiodite. An application of the law of mass 
action showed that  the former figure corresponded to consumptions of 0.83 
and 0.97 moles of iodine per mole of pyrogallol when the iodine was in twofold 
and sixfold molar amounts. The values found were of the same order (Fig. 1, 
run 25 and plot pH 12). 

An attempt was then made to isolate the supposed 3-hydroxy-l,2-benzo- 
quillone by acidifying the "oxidized pyrogallol solution" and extracting it with 
ether. Acidification with sulphuric acid, however, caused the prompt deposition 
of crystalline purpurogallin in 25% of the theoretical yield. Haworth and his 
collaborators (18) recently showed that purpurogallin had the structure 
(111, R=EI). The ether extract froin solutioils acidified with acetic acid 
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contained dark red substances from which 17% to 46% yields of orange-red 
crystals were obtained after acetylation with an acidic catalyst. These crystals, 
melting a t  162' to 163OC. were later identified (28) as a new triacetate of 
purpurogallin. In an endeavor to avoid the use of acid, the "oxidized pyrogallol 
solution" was methylated with diinethyl sulphate on the alkaline side of pH 10, 
and extraction of the methylated liquors with ethyl acetate recovered about 
35% of the pyrogallol as an orange residue. The residue yielded the dark red 
needles of 2'-monomethyl purpurogallin (111; R=CH3), which had been 
obtained by oxidizing a mixture of pyrogallol and its 1-methyl ether with 
hydrogen peroxide and peroxidase (33), or with potassium iodate (7). Since 
the production of purpurogallin from pyrogallol almost certainly required 
3-hydroxy-1,2-benzoquinone (11) as an intermediate (6, 7, 33), the results 
supported the view that the quinone (or a tautomer) was present as such in 
the "oxidized pyrogallol solution". The experiments, however, failed to cir- 
cumvent the great tendency of o-quinones to condense when in acid solution 
(12, 24, 27), and even the temporary local acidity accompanying the methyl- 
ation apparently promoted condensation. 

The oxidation of vanillin by a sixfold molar amount of iodine in sodium 
borate buffers, when continued to conlpletion (Table 11) revealed a maximum 
consunlption of about 3.65 moles per mole near pH 10 (run 4). This maximum 
corresponded to a particularly rapid secondary oxidation during the first 
three hours, as shown in Fig. 2, in which the plots for the intermediate runs 
2, 5, and 10 were not reproduced. Small, red, flocculent precipitates were 

I 2 

TIME IN HOURS 
FIG. 2. Initial rate of reaction of 0.0033 Arl vanillin with 0.02 A[ iodine a t  25°C. Moles of 

iodine reduced per mole of vanillin a t  the pH values shown. 
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formed in runs 1 to 5 (pH 8.2 to 10.2), and the mother liquors from these runs 
yielded 0.15, 0.16, 0.12, 0.06, and 0.0 moles of iodoform per mole of vanillin. 
As ill the case of pyrogallol, therefore, the production of iodoform was a t  a 
nlaximum near pH 9, or when the secondary oxidation was approaching its 
greatest extent. Since vanillin very rapidly consumed about one mole of iodirle 
in the pH range 8.2 to 10.7, equimolar amounts of vanillin and iodine were 
used in order to isolate the product of the initial reaction. Crystalline 5-ioclo- 
vanillin was recovered in goy0 yield from the reaction a t  pH 8.2, whereas the 
yield a t  pH 10 was only 62%, and 31y0 of hypoiodite remained a t  the end of 
the arbitrary period of 15 min. Although the oxidations a t  pH 11 or greater 
were not examined in detail, the lack of color in the solutions suggested the 
absence of quinones, and the small consumption of iodine put an upper limit 
of 35y0 on the production of 5-iodova~~illin. The halogenating action of iodine 
on vanillin thus decreased abruptly on the alkaline side of pH 10. Erdtman's 
(9) similar preparation gave 73y0 of recrystallized 5-iodovanillin, and must 
therefore have been made in, or close to, the optimunl pH range. 

TABLE I1 
REDUCTION OF HYPOIODITE BY VANILLIN DURING 24 HR. AT 25°C.a 

I I I1 I I I 

NaOH Moles H I 0  ' NaOH Moles H I 0  
AT / pH 1 redacedb 11  R L I I I  1 M I pH / reducedb 

- ----- - 

a[?t 0.2 M boric acid, 0.02 nzolar i n  iodine and 0.0033 m o h r  i n  vanillin (nrolc ratio 6 : 1) .  
b ~ c r  ntole of vanil/in. 
CConstant from 1 hr. to 9 hr. 

REACTIONS WITI-I ALKALINE HYPOCHLORITE 

The oxidation of pyrogallol with six times the molar amou~lt  of sodium 
hypochlorite in adequate borate buffers proceeded a t  all the pH values studied 
until the oxidant was almost entirely exhausted. Table I11 records the con- 
sunlptions of oxidant after nine hours, when the oxidation a t  pH 8.8 (run 2) 
was practically complete; thereafter the necessary time increased to more than 
24 hr. a t  pH 12.4 (run 8). The initial portions of the rate plots for runs 1, 3, 4, 
5, 7, and 8 (Fig. 3) revealed a very rapid consumption of about three moles of 
hypochlorite per mole of pyrogallol, and a secondary consumption whose rate 
and extent went through a maximum near pH 11. These observations were 
supported by the plots a t  intermediate pH values (runs 2 and 6, not repro- 
duced). The solutions remained colorless in the first three experinlents (pH 8 
to 9) but in the others initially ranged from light yellow to orange, becoming 
colorless only after 15 to 30 min. No precipitate was observed in any of the 
ruils. 

Pyrogallol, when mixed with a 3-molar proportion of chlorine dissolved in 
10yo sodium carbonate solution, within 10 min. gave a 72y0 yield of crystalline 
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I 2 

T I M E  I N  H O U R S  

FIG. 3. Initial rate of reaction of 0.003 ibf to 0.004 111 pyrogallol with a sixfold molar con- 
centration of chlorine a t  25°C. Moles of chlorine reduced per mole of pyrogallol a t  the pH 
values shown. Plot a t  pH 8.1 with 5.13 molar equivalents of chlorine. 

trichloropyrogallol monohydrate. Even near pH 12, therefore, the initial 
action of hypochlorite was one of halogenation, and constituted a new and 
convenient method of preparing the trichloro derivative in good yield. The 
product was always contaminated with boric acid when a borate buffer was 
used in the preparation, and attempts to isolate the triacetate by adding 
acetic anhydride to the alkaline solution (3) failed. Webster (30) obtained 

TABLE I11 
REDUCTION OF HYPOCHLORITE BY PYROGALLOL DURING NINE HOURS AT 25OCP 

Pyrogallol Moles HClO 
M X 10'" M X lo? reducedb 

a I n  0.2 hf boric acid wilh chlorine to pyrogallol i n  ntolar ratio 6 : 1. 
b ~ e r  mole of pyrogallol. 
CChlorine lo pyrogallol ntolar ratio 5.13 to 1. Oxidant exhazrsled afler lwo hours. 
d ~ f l c r  nine hozrrs pH was 10.6; after 24 hr. conszrnrplio~z was 5.94 ntoles. 
eConsu,nplion 5.4 moles afler 64 hr. 
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trichloropyrogallol in unstated yield by chlorinating pyrogallol in acetic acid, 
and BiCtrix ( I )  in poor yield by chlorinating gallic acid suspended in chloro- 
form. BiCtrix also prepared the crystalline trichloro-triacetate. 

The reduction of hypochlorite by vanillin was examined as  in the case of 
pyrogallol and the details were therefore omitted from the experimental 
portion of this article. Vanillin consumed all of the oxidant much more rapidly 
than pyrogallol, but  the minimum time required for coinplete reaction was a t  
a pH near 10 (Table IV, run 5). The initial portions of the rate plots for runs 
1, 3, 5, 7, and 8,  together with the plots of the intermediate runs not shown in 
Fig. 4, shoived, as expected, that  the extent of the secondary reduction was 

T I M E  IN HOURS 

FIG. 4. Initial rate of reaction of 0.003 A f  to 0.004 M vanillin with a sisfolcl molar concen- 
tration of chlorine a t  25OC. Moles of chlorine reduced per mole of vanillin a t  the pH values 
shown. Plot a t  pH 8.1 with 5.12 molar equivalents of chlorine. 

greatest a t  pH  10. Run 1 a t  pH  8.1, however, was not closely comparable to  
the others because only 5 moles, instead of 6 moles, of hypochlorite per mole 
of vanillin was present. In all cases below pH 11 about three moles of chlorine 
was very rapidly consuined; all the solutions remained clear and colorless, but ,  
when acidified after six to eight hours, deposited small amounts of a pink, 
flocculent substance. 

Runs 2 and 8 (pH 8.7 and 12.2), when repeated with equimolecuIar amounts 
of vanillin and chlorine, required 10 min. and GO min. respectively, for the 
oxidant to disappear. A G5Y0 yield of 5-chlorovanilli11 resulted f ro~n  the former 
experiment, but  the latter gave only 43y0, and 38T0 of the vanillin was re- 
covered as the crystalline 2,4-dinitrophenylhydrazone. Since these figures 
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failed to account for about 19% of the vanilliri and 57% of the chlorine, 
another reaction probably occurred involving the two components in the 
1 : 3 molar ratio. These observations, together with a consideration of Fig. 4, 
showed tliat the initial reaction, consuming 3 moles of chlorine almost instantly 
a t  lower pH values, became quite slow a t  pH 12.2, although its nature probably 
did not change. Hopkins and Chisholm (20) obtained a 90% yield of 5- 
clilorovanillin by permitting 1.5 moles of sodium hypochlorite to act on 1 mole 
of vanillin for one hour, apparently in a sodium carbonate buffer. 

TABLE IV 
REDUCTION OF HYPOCHLORITE BY VAKILLIN 4T 25'CP 

1 NaOH Vanillin 
Run dl / pl-I I ~ o u r P  

I 

aIn 0.2 M boric acid with chlorilce to vanillin i n  molar ratio 6 : 1 .  
b ~ p p r o x i m a t c  t ime  when 93% to 95% of the hydrochlorite was reduced. 
'Chlorine-vanillin molar ratio 5.1 : 1 .  
d ~ n l y  4.7 moles (62%) of chlorine reduced i7z  n ine hours. 

DISCUSSION 

Since the reduction of hypoiodite by pyrogallol ranged from about one mole 
to 5.3 moles, and of vanillin from 1.9 mole to 3.65 moles, according to  the  
hydrogen ion concentration (Tables I and 11), this factor required very close 
control when phenols were estimated by iodometric methods. Failure to. 
observe this requirement in the same way or to the same extent explained 
why Messinger and Vortman (21) found that 1 mole of various phenols. 
reduced integral even numbers of iodine atoms, and why Orloff (22) thought 
that the molar consumption in 24 hr. to 48 hr. was fractional. Orloff decided 
that pyrogallol required approxiniately five moles, but later worlters (15, 25)) 
varied the technique of the estimation and claimed that  exactly 3 moles was 
reduced in a short time. Tliis figure was again revised to approximately five 
moles (4). Willtie (31, 32) carefully compared several of the older methods. 

As already mentioned, iodoform was produced both from pyrogallol and 
from vanillin only in a narrow range about pH 9. Booth and Saunders (2) 
presumably operated in this range when they obtained iodoform by adding 
sodium hydroxide to a solution of pyrogallol and iodine, but none \vas observed 
by Slotta and Neisser (25), who added iodine to  a solution of pyrogallol in 
aqueous sodium carbonate (pH - 12). Since iodoform could also be derived 
on occasion from various o- and P-hydroquinones (2, 25), from gallic acid, 
resorcinol, and phloroglucinol (2), the standard iodoform test for the  
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CH3CO-C= and related groupings (13, 14) became ambiguous when phenols 
were present. The production of iodoform (or chloroform) from lignins oxidized 
by alkaline hypohalites (17, 29) was therefore no decisive proof that lignin 
contained either methyl ketone or CH3CH(OH)-C= units. 

Green (16), who reviewed the inorganic chemistry of the hypohalites, 
quoted the dissociation constant of dilute aqueous hypochlorous acid as 
6.5 X and of hypoiodous acid as of the order 5 X 10-13. The former acid 
mas therefore 79y0 dissociated to the hypochlorite ion a t  pH 8, and to practi- 
cally 100% a t  pH 12; whereas the figures for the latter acid were about 0.005% 
and 49.5y0, respectively. The species of oxidant present in alkaline solutions 
of iodine therefore varied greatly with pH, but change in the hypochlorite 
system was minor. With hypochlorite, the halogenating took precedence over 
the oxidizing action both for pyrogallol and for vanillin even a t  pH 12, when 
halogenation by hypoiodite was absent or slow. 

If the standard potential of the redox system HzO + C1- = HClO + H +  
+ 2e- in acid solution was accepted as E" = -1.49 volts, and that of the 
corresponding iodide-hypoiodite couple as Eo = -0.99 v. (lG), calculation 
showed that these values corresponded to effective oxidation potentials of 
-1.14 v. and -0.64 v., respectively, a t  pH 12. When allowance was made 
for the approximate nature of the calculation, a t  pH 12 even hypochlorite 
might not oxidize vanillin, whose "critical oxidation potential" of E,  = - 1.08 v. 
was among the highest found by Fieser (10) for the numerous phenols he 
examined. Since the "critical oxidation potential" of pyrogallol was 
E,  = -0.609 v., and the calculated normal potential of 3-hydroxy-1,2- 
benzoquinone was E = 0.677 v., the promotion of an equilibrium between 
these substances by hypoiodite a t  pH 12 might have been anticipated. These 
physical consideratiolls supported the view that  the action of the hypohalites 
on phenols became "limited", or less complex, on the alkaline side of pH 11 
or 12. 

EXPERIMENTAL 

 ate of Oxidation of Pyrogalloi! with Hypoiodite (Table I ,  Fig. 1) 

In a typical experiment, 150 cc. of 0.667 aqueous boric acid and the 
desired volume of 1.0 N sodium hydroxide were mixed in a 500 cc. volumetric 
flask; the mixture was diluted to about 250 cc. with distilled water, and 
200 cc. of 0.1 N iodine (0.02 equivalents) in aqueous potassium iodide was 
added. The pH of the solution was measured with a Coleman Model 3 pH 
Electrometer, with correction as described by Dole (8) for the salt error of the 
glass electrode. Control experiments with a high alkalinity glass electrode 
showed that this correction was valid. At zero time, a solution of about 0.21 gm. 
of pyrogallol (about 0.0017 mole or one-sixth the molar amount of iodine) in 
25 cc. of water was added; the total volume was made up to 500 cc. with dis- 
tilled water, and was promptly and thoroughly mixed. The iodine and pyro- 
gall01 solutions had been brought to 25°C. prior to mixing, and were subse- 
quently maintained a t  25" f 0.05"C. in a constant temperature bath. The 
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pH of the solution was measured a t  intervals, and runs in which the value 
decreased by more than 0.3 units in 24 hr. were rejected. 

After various times, 10 cc. aliquots were discharged into a large excess, 
100 cc., of 1% sulphuric acid, and the iodine liberated was promptly titrated 
with 0.025 N sodium thiosulphate. The  starch indicator used was added before 
the titration was begun, since approach to the end point was masked by the 
color of the solution. I t  was necessary to accept the first end point reached, 
since traces of iodine continued to be liberated for some time in the acid solu- 
tion. 

T o  assess the error caused by acidifying the solution for titration, 0.047 
millimoles of pyrogallol (5.78 mgm.) was added to 50 cc. of 2% sulphuric acid 
mixed with 50 cc. of 0.006 N iodine in potassiunl iodide. A prompt back- 
titration with 0.023 N sodium thiosulphate required 11.83 cc., when the first 
end point was accepted, whereas the value for a blank containing no pyrogallol 
was 12.30 cc. These data  corresponded to a consumption of 0.12 mole of 
iodine per mole of pyrogallol; similar estimations with a 4 : 1 instead of a 6 : 1 
molar ratio of iodine to pyrogallol were 0.11 and 0.14 moles. 

Oxidations carried out a t  pH  8.6 and 9.4 (runs 2 and 3) deposited 0.095 gm. 
and 0.105 gm. of iodoform, or 0.14 and 0.16 moles, respectively, per mole of 
pyrogallol. The  identification depended upon the characteristic odor of ioclo- 
form, and the proper melting point of 118" t o  l lg°C.  The only other precipi- 
tates observed were from oxidations carried out with 10-fold concentrations of 
iodine and pyrogallol a t  pH values drifting from 12 or 13 to 8 or less. These 
precipitates were jet black in color, did not melt below 300°C., and were not 
exainiiled further. 

"Oxidized Pyrogallol Solution" 

Pyrogallol, 1.29 gm., or 0.01 mole, was added with stirring to 500 cc. of an 
aqueous solution containing 6.2 gm. of boric acid, 5.1 gm. of sodium hydroxide, 
and 2.59 gm. (0.01 mole) of iodine (added in potassium iodide solution). The  
mixture, whose pH was 12.0, immediately became red. This "oxidized pyro- 
gall01 solution" was kept a t  room temperature and uncler nitrogen for 30 min. 
to 2.5 hr. before use, and apparently did not change within the latter time. 

Recovery of Pyrogallol Triacetate 

An "oxidized solution" made 30 min. previously from 1.29 gnl. of pyrogallol, 
was rapidly stirred with 5 cc. of acetic anhydride (3). A light cream-colored 
precipitate was obtained with a melting point of 163" to  164"C., undepressed 
by admixture with an  authentic sample of pyrogallol triacetate, m.p. 164 to  
165°C.; yield 2.29 gm. or 88.7%. A control experiment containing no iodine 
resulted in an 87y0 yield of the triacetate. 

Aliquots, 10 cc., of a similar solution were removed before and after the 
addition of the acetic anhydride, and were discharged into 100 cc. of lyo 
sulplluric acid. The  iodine in the mixtures was equivalent to 5.16 cc. and 
11.6 cc., respectively, of 0.0324 N sodium thiosulphate. Since the blank con- 
taining neither acetic anhydride nor pyrogallol required 12.3 cc. of the thio- 
sulphate, the recovery of iodine was 42% and 94%, respectively. 
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Recovery of Pzirpzirogallin and Derivatives 

(a) Pyrogallol, 1.89 gm. (0.015 mole) was dissolved in 400 cc. of water 
containing 1 gm. of sodium hydroxide, a t  room temperature and under nitro- 
gen, and 150 cc. of 0.2 N iodine (0.015 mole) was added with stirring. The 
solution, pH 12.0, immediately became red-black in color, and after 10 ~nin.  
gave a negative test for free iodine. Upon acidification with 10yo sulphuric acid 
the color of the solution decreased considerably in intensity, and an orange, 
flocculent precipitate separated. After being washed and then dried in  vacuo, 
the substance melted with decolnposition a t  264" to 268°C. Yield, 0.41 gm. or 
25%. Recrystallization from toluene gave orange needles melting a t  269" to 
271°C., the value recorded for purpurogallin being 272" to 274°C. with decom- 
position (33). 

A portion, 0.15 gm., was dissolved in 25 cc. of ethanol, and ether containing 
the diazomethane from 4 gm. of nitrosomethylurea was added. Next day the 
light yellow solution when evaporated to 50 cc. deposited 0.13 gm. (72y0) of 
fine yellow needles, which when recrystallized from ether melted a t  179" to 
180°C. This melting point was 3°C. higher than the latest recorded value 
(18) and was not depressed by admixture with an authentic sample of 2',3', 4- 
trimethyl purpurogallin. 

(6) An "oxidized solution", made 2.5 hr. previously from 1.3 gm. of pyro- 
gallol, was acidified with acetic acid, and extracted continuously with ether 
for about five hours. After being concentrated, the dark-red extract was 
evaporated to dryness a t  room temperature and in  vaczio over sodium hydrox- 
ide. Acetic anhydride, 15 ml., and five drops of concentrated sulphuric acid 
were added to the red-black mass. After 30 min. without external heating, the 
mixture was poured into 300 cc. of ice and water, and 0.3 to  0.8 gm. of a yellow 
precipitate formed. Repeated crystallization from ether yielded orange prisms 
with the compqsition of a purpurogallin triacetate ancl melting a t  162" to 
163°C. This melting point agreed with that of the isomer considered by Thorn 
and Barclay (28) to be the 4,2',3'-triacetate, although Haworth, Moore, and 
Pauson (19) recorded a melting point of 138" to 140°C. for this compound. 

(c) An "oxidized solution", made 30 min. previously from 1.3 gm. of pyro- 
gallol, was continuously stirred under nitrogen while 5 cc. of dimethyl sulphate 
was slowly added during a 30 min. period. This addition caused the color of 
the solution to increase and after four hours the pH had decreased from 12 to 
about 10. After acidification with acetic acid, the mixture was extracted 
continuously with ethyl acetate and the extract was distilled in steam. The 
hot aqueous residue in the still was filtered to remove a small amount of dark 
anlorphous material, and the filtrate on cooling deposited 0.3 to 0.4 gm. of an 
orange-red substance. About one-fifth of this substance was high-melting, red 
in color, and insoluble in ether. The remaining four-fifths when recrystallized 
fro111 ether gave shining, dark-red rosettes of monoclinic needles in a yield of 
25 to 32y0 based on the pyrogallol, and melting a t  194.5" to 195°C. Their 
composition was that of a monomethyl ether of purpurogallin, and their 
melting point was close to the value of 193°C. reported by Critchlow, Haworth, 
and Pauson for the 2' isomer (7). 
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On one occasion orange yellow crystals of m.11. 194" to 195°C. were obtained 
in place of the dark red needles, but there was no depression of melting point 
when the two forms were mixed. 

Oxidations of Vanillin with Hypoiodite (Table 11, Fig. 2) 
' 

Solutions of 3.09 gm. of boric acid in 75 cc. volumes of water were mixed 
with the proper volume of N sodiuin hydroxide (10 cc. to 80 cc.) to obtain the 
desired pH. After dilution to about 150 cc. with distilled water, 50 cc. of 0.2 N 
iodine in potassium iodide (0.005 mole) was added. Vanillin, 0.127 gin. or 
0.00083 mole, was introduced a t  zero time as an aqueous suspension; the total 
volume was diluted to 250 cc. and the vanillin dissolved almost immediately. 
Solutions between pH 10 and I1 (runs 6 to 9) were orange to light yellow in 
color and remained clear, while those between pH 12 and 13.5 (runs 10 and 11) 
were both clear and colorless. The consumption of iodine a t  various times was 
followed as in the oxidations of pyrogallol, but the end point was definite and 
easy to observe. Iodoform was isolated after 24 hr. by making the solutions 
strongly alkaline and extracting with two 50 cc. volumes of ether. After being 
dried and evaporated, the extracts from runs 1, 2, 3, and 4 yielded 0.05, 0.052, 
0.041, and 0.019 gm., respectively, of iodoform, which was identified by, its 
melting point and odor. 

5-lodovanillin 

The borate buffer - iodine solution was made up exactly as described, 10 cc. 
of the sodium hydroxide solution being included to give pH 8.2, and the 
amount of vanillin was increased to 0.76 gm. or 0.005 mole. Titration of an  
aliquot acidified after 15 min. indicated 2.9% of unused hypoiodite, and the 
equivalent amount of sodium thiosulphate was added to the remainder. The 
solution was then acidified with 10% sulphuric acid; the resulting cream 
colored precipitate was washed well with water and dried. Yield, 1.25 grn. 
(go%), and melting point 177" to 179°C. Two recrystallizations from glacial 
acetic acid yielded pale yellow needles with the analytical composition of an 
iodovanillin, and with a melting point, 181" to 182"C., in agreement with the 
recorded value of 180°C. (9) for 5-iodovanillin. 

The above experiment, when repeated with a borate buffer includirig 50'cc. 
of N sodium hydroxide to keep the pH a t  10, yielded a solution with the deep 
red color of iodine. This color required 15 min. to fade to a pale orange. An 
aliquot, when acidified a t  this time and titrated, contained 31% of "free" 
iodine, which presumably originated from by-product iodate. The remainder 
of the solution yielded 0.87 gm. (62.7%) of 5-iodovanillin, melting a t  171" to 
17S0C., raised to the correct value of 181°C. by recrystallization. 

Rate of Oxidation of Pyrogallol with Hypochlorite (Table 111, Fig. 3) 
The chlorine obtained from the action of excess hydrochloric acid on 4 grn. 

of potassium permanganate was swept with nitrogen into 250 cc. of N sodiuin 
hydroxide to yield a stock solution approximately 0.2 M in chlorine. Some of 
this stock solution, 25 cc. (0.005 mole) was transferred to a dark brown, glass 
bottle containing 75 cc. of 0.67 M boric acid and the amount of N sodium 
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hydroxide to give the desired alkalinity. After the mixture had been diluted 
with distilled water to 225 cc. and had been brought to 25" f 0.05"C., 0.11 gm. 
(0.00083 mole) of pyrogallol dissolved in 25 cc. of water a t  25°C. was added. 

The consunlption of hypochlorite was followed by transferring 10 cc. aliquots 
into 100 cc. of water containing 0.1 to 0.2 gm. of potassium iodide; 10 cc. of 
10% sulphuric acid and the starch indicator were added, and the liberated 
iodine was rapidly titrated with 0.025 N sodium thiosulphate solution. The 
end point was transitory. 

Recovery of Trichloropyrogallol 

A solution consisting of 200 cc. of 10yo sodium ,carbonate and 25 cc. of 
0.227 M chlorine (0.0058 mole) in N sodium hydroxide was added to 0.24 gm. 
(0.0019 mole) of pyrogallol dissolved in 25 cc. of water. Ten minutes later, 
when the hypochlorite was completely reduced, 1 gm. of zinc dust was added, 
the mixture (pH about 12) was acidified with 10yo sulphuric acid, and was 
continuously extracted for 12 hr. with ether. Evaporation of the dried extract 
t o  10 cc., followed by dilution with petroleum ether, caused the separation of 
0.34 gm.; (73%) of a white crystalline substance. When dried in vacuo over 
phosphorus pentoxide, this substance sintered markedly a t  110°C. and melted 
a t  179" to 180°C. with decomposition, as described for trichloropyrogallol 
monohydrate (1, 30). A sample was therefore dehydrated a t  110°C. for 30 min. 
for analyses. Found: C, 30.9, 31.1; H, 1.51, 1.55; C1, 45.7, 45.9y0. Calc. for 
CcH303C13: C, 31.4; H, 1.3; Cl, 46.4%. 

Recovery of 5-Chlorova~zillin 

(a) A suspension of 0.88 g n ~ .  of vanillin (0.0058 mole) in 100 cc. of water 
was mixed a t  room temperature with a solution con~posed of 75 cc. of 0.67 11.1 
boric acid, 25 cc. of N sodium hydroxide made 0.23 M (0.0058 mole) in chlorine, 
and 50 cc. of water. This mixture, pH 8.8, after 10 min. gave a negative test 
for hypochlorite. Acidification with 10% sulphuric acid then caused the deposi- 
tion of 0.71 gm. of slightly yellow crystals, which sintered and darkened near 
150°C. before melting to a red-black liquid a t  158' to 16Z°C; yield, 65%. 
Solution in hot ethanol removed 70 mgm. of insoluble material, and the filtrate 
on cooling deposited pale yellow plates with the methoxyl and chlorine content 
of a chlorovanillin. The melting point of 163" to  164°C. was correct for the 
5-chloro isomer (20), and admixture with an authentic sample of 5-chloro- 
vanillin did not depress this value. 

(b) The preparation in (a) was repeated with the exception that 45 cc. of 
N sodium hydroxide was substituted for the 50 cc. of water included in the 
mixture. This change altered the pH to 12.0, and one hour elapsed before the 
solution gave a negative test for hypochlorite. Acidification caused the pre- 
cipitation of 0.46 gm. (41%) of 5-chlorovanillin melting a t  158" to 16Z°C., 
undepressed by admixture with an authentic sample. 

A red, flocculant precipitate immediately formed when the acidified mother 
liquor was mixed with 100 cc. of a saturated solution of 2,4-dinitrophenyl- 
hydrazine. After recovery, this precipitate weighed 0.92 gm. (39%), melted a t  
256" to 258OC., and contained no chlorine. Recrystallization from ethanol gave 
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dark red crjrstals of vanillin 2,4-dinitrophenylhydrazone w i t h  t h e  cor rec t  

methoxyl  c o n t e n t  a n d  t h e  cor rec t  mel t ing  p o i n t  of 264" t o  265"C., n o t  depressed  

by a d m i x t u r e  w i t h  an a u t h e n t i c  sample. 
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THE SILVER CATALYZED OXIDATION OF ETHYLENE' 
I. SLOW PROCESSES ON T H E  CATALYST SURFACE 

ABSTRACT 

In the silver catalyzed oxidation of ethylene or ethylene oxide (EtO), the 
silver catalyst activity measured under constant standard conditions in a flow 
system was found to be dependent on thc conditions of previous catalyst treat- 
ment such as reaction ternperatirre and reactant composition. The results are 
explained on the basis of slo\v establishment of equilibrium. respecting fixation 
of stably sorbed oxygen atoms and st~rface products of oxidation. I t  is en~pha-  
sized that in view of the slow processes observed, the kinetic measurements 
must be punctuated by frequent stabilizing check runs in order to maintain the 
catalyst in thc same reference state. 

This publication is the first of a series concerning the oxidation of ethylene 
on a silver catalyst. Par t  I presents the observations on slow processes which 
occur af ter  changes of operating conditions during catalysis. Par t  I1 will deal 
with the kinetics of C?H4 oxidation and Part  I11 with the kinetics of ethylene 
oxide (EtO), oxidation, and its isomerization to  acetaldehyde. Par t  IV will be 
concerned with reaction mechanism. 

A separate presentation of the slow processes which have been observed 
during the catalytic oxidation of CzH4 and which appear to be dependent on 
the conditions of pretreatment of the silver catalyst by the reacting gas 
mixture is considered useful from two main points of view. Kinetic measure- 
ments carried out under circumstances which fail to  recognize the existence of 
slow processes cannot be deemed reliable for purposes of mechanisin interpre- 
tation. 

With the exception of the initial conditioning period, studied by Murray ( 5 ) ,  
very little has been reported in the literature concerning these effects. I t  is 
intended to emphasize the influence of catalyst "history" on its subsequent 
activity and the fact that true kinetics can only be observed on a silver surface 
soon after a standardized pretreatment which maintains the catalyst in the 
same reference state. This is opposed to observations made when true equi- 
librium is attained after very prolonged reaction with attendant changes in the 
nature of the catalyst. 

EXPERIMENTAL 

The  flow apparatus and the single sample of catalyst, used throughout, will 
be described in Par t  11. Few experimental details will be mentioned here. 

Having mounted the silver catalyst in the reactor, i t  was maintained in a 
Nz atmosphere, when not in service. In beginning operations, it was heated 
in a Nz stream to the desired temperature, then 0 2 ,  followed by C2H4 or EtO, 

1 116anzrscript rcceivcd Novenzber 5 ,  1955. 
Contribulion fro?n Di.dision of Applied Che.tnislry, National Research Council, Ollawa, 

Canada. Issired as N.R.C. hTo. 5219. 
V a l i o n a l  Rcsearcl~ Council Postdoclorale Fellow, 1051-1953. 
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was admitted a t  the desired flow rates. For close-down operations the reverse 
order was observed. When the flow rate or partial pressure was changed, it 
was always done quickly and in such a way as  to keep the C2H4 conccntration 
to a minimum during the change. 

Except for the first conditioning period (Fig. I ) ,  the catalyst remained in 
continuous operation over periods of weeks, with temperature control better 
than d10.5" C., and flow rates constant to 1%. 

The composition of the off-gas with respect to EtO and COB was measured 
with an accuracy of f 2 %  of the absolute value. In the absence of catalyst, no 
products could be detected a t  234O C. 

The working pressure was atmospheric. Unit feed flow rate was arbitrarily 
set a t  41.8 liters (N.T.P.)/hour of gas mixture. The following feed compo- 
sitions were used, expressed by symbols which are described here and 
maintained throughout the forthcoming publications. The symbol pE,O, 
indicates a mixture flow rate of 41.8 p liters/hr., with C2H4 and O2 contents, 
2.35n% and 9 90m% respectively, the remainder being N2. Thus, E202 corre- 
sponds approximately to a mixture of air-CzH* of ratio 20: 1. X used instead 
of E refers to  EtO. 

A.  Oxidation oj' C2& 
Feed 1E202: 4.70% C3H4, 19.8% 0 2 ,  75.5% N3. 

B. Oxidation of E t O  
Feed 1x202: 4.70% EtO, 19.8% Oa, 75.5% Nz. 

C. I somer i~utzon  of E t O  
Feed lX2O0: 4.70% EtO, 95.30% Nz. 
The silver catalyst sample was estimated, on the basis of B.E.T. adsorption 

measurements using similar catalyst, to have a surface area of the order of 
6 sq. meters and oxygen adsorption capacity in the order of 1 cc. (N.T.P.) 
a t  the working temperatures. 

All the gases used were obtained from conlmercial cylinders. The EtO was 
manufactured by the Matheson Company with a specified purity of 99.5%. 
The authors are indebted to Dr. F. P. Lossing for mass spectrometric analysis 
of this gas which confirmed the absence of impurities other than possibly 3y0 
of NP. Ohio "Medical Grade" C2H.4 with a specified purity of a t  least 99.5% 
and Dominion Oxygen Companj- nitrogen and oxygen, with a guaranteed 
purity of 99.'7y0 in each case, were used. 

RESULTS 

A. Oxidation of Ethylene 
1. T h e  Conditioning Period 
The conditioning period a t  reaction temperature 234" C., (feed 1E202) is 

shown in Fig. 1. The conversion to EtO goes through a maximum; the con- 
version to C02  decreases, and the selectivity* increases. At least 150 hours are 
needed for approximate stabilization. The scattering of data is due to imper- 
fections in the process control, which were eliminated a t  the end of this period. 

* Selectivity = % C2H< converted to EtO/tobl % C2H4 reacted. 
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0 
I I I I I 

50 I00 I50 200 250 

O P E R A T I N G  TIME H R S . )  

FIG. 1. Oxidation of C2H4. Conditioning period of new catalyst. 234" C. Feed 1EzOz. 
Conversion to EtO; X conversion Lo COz and HZO; 0 total conversion; + selectivity. 

2. Slow Processes Due to Change of Temperature Level, (Feed 1EjO2) 

If the operating temperature is changed upwards from 234 to 274" C. 
(see Fig. 2), the conversion slowly increases and selectivity decreases. The 
reverse occurs when the temperature level is reduced. 

3. Slow Processes Due to Change o j  Flow Rate (at Constant Temperature 
274" C.) 

Numerous observations were made after changes of flow rate extending 
between twofold and 16-fold. When the flow rate is increased, EtO and Con 

100 

90 

I I l I i  a) 274' C. 
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FIG. 2. Oxidation of CzHa. Slow processes due to changes OF temperature level. Feed 1E202. 
( a )  After conditioning period a t  234' C.; ( b )  after ( a ) ;  ( c )  after ( b ) .  conversion 

to EtO; X conversion to CO2 and HZO; 0 total conversion; + selectivity. 
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formations decrease slowly, the latter decrease being of greater ~nagnitude 
than the former with resulting increase in selectivity. The reverse is true 
when the change of flow rate is in the opposite direction. This drift  in con- 
versions becomes very slow after 24 hr. a t  the new flow value. 

A typical case was as follows: after feeding 4E40z the flow rate was decreased 
fourfold; three hours after the change the conversions were C02 23.5%; EtO 
27%; selectivity 53.5%; 20 hr. later C02 26.5y0; EtO 28.5%; selectivity 51.9y0. 

4. Slow Processes Due to Change o f  Feed Composition (at Constant Tempera- 
ture arzd Flow Rate) 

A striking change in catalyst behavior is caused by its pretreatment with 
an ethylene-rich feed (E401). The effect is the same a t  234" C. and 274" C. 
and consists in substantially permanent lowering of EtO and increase of C02  
production. 

The conversions for the standard 1E202 feed a t  234" C. were: before runs 
E4O1: EtO 17.0y0: C02,  10.5%: selectivity, 62%; after runs E401: EtO, 13.5%: 
Con,  12.0%: selectivity, 53%. 

This effect lasted more than 200 hr. a t  235" and is difficult to remove com- 
pletely, although the passage of feeds enriched in 0 2  is very helpful. I t  is 
easier to restore the surface activity when the same poisoning has occurred a t  
274" C. 

With the knowledge of slow processes obtained a t  this stage, the kinetic 
runs for CpH4 oxidation were made a t  274 and 234" C. Data will be presented 
in Part 11. 

5. Slow Processes Due to Pretreatment of Catalyst by 0 2  or by EtO and O2 
Six runs with the standard 1E20n feed a t  274" C. are shown in Fig. 3. These 

data were obtained following a series of pretreatment variables listed in the 
table below. The numbers in brackets indicate the order in which they were 

1 I I 
2 0  4 0  60 80 100 120 140 160 

TIME OPERATED IHRS.) 

FIG. 3. I~lflueucf: of catalyst pretreatment on oxidation of C?H4 a t  274' C. Feed lE?O,. 
Runs 1-6 are expla~ned in  Table I. 
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performed for each experiment. The experiments numbered in coiumn 1 are 
likewise in chronological order. 

In each of the experiments 1-6 listed above involving f nal pretreatment by 
O2 or by EtO + 02, the standard ethylene oxidation runs resulted in ab- 
nornlally low conversion and high selectivity. This effect diminished slowly 
during prolonged operation with the standard feed gas. The first experiment 
may include some influence of temperature change, but this was absent in the 
subsequent ones. I t  is noteworthy that pretreatment by oxygen alone 
(Curve 3) caused considerable poisoning, though this may be explained by the 
influence of EtO + 0 2  employed in Experiment 2, which may not havebeen 
eliminated a t  that time. In support of this, further oxygen treatment in 
Experiment 4, where little influence could be attributed to previous treatment 
by EtO + 02, produced a relatively minor effect on the standard ethylene 
oxidation. The break in continuity of Curve 6 was caused by cooling the reactor 
to room temperature in a stream of hT2 after five hours' operatio11. 

6. Slow Processes Due to Pretreatment of Catalyst by EtO + N2 (X200) 

Fig. 4 shows the results of two experiments, 7 and 8, details for which are 
given in the table. The continuity of Curve 7 was interrupted a t  A by cooling 
to room temperature in a Nz stream, and subsequently a t  B by accidental 
temperature drop to 250" C. for three hours. 

TIME OPERATED IHRS.) 

FIG. 4. Influence of catalyst pretreatment on oxidation of CpHl a t  274'C. Feed lE2O2, 
with pretreatment by EtO + N?. - Cotlversio~l to EtO;. - - - conversion to CO:! and 
HzO; . Espt. 7; 0 Expt. 8 (see Table I). 
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The feature of pl-etreatment by EtO + 3 2  is an anomalous high level of 
conversion which decreases rapidly to the low poisoned level, followed by slow 
recovery. 

B. Oxidation of Ethylene Oxide 
1. Oxidation of EtO after pretreatment by CaH.1 oxidation (1EaOa). 
The results are shown in Fig. 5 for the feed, 1x202, admitted after the fol- 

lowing operations a t  274' C. 
Run I :  pretreatment by Expt. 4 of Fig. 3 
Run 11: 11 " " 5 " Fig. 3 
Run 111: 11 " " 7 " Fig. 4 , 

274*C. (STD.MIXTURE IX20,1 

PRETREATMENT BY C2H4*O2 
----- I - -  " E t O  ' N2 

FIG. 5 .  Influence of catalyst pretreatment on oxidation of EtO at  274" C. Feed 1X202. 
Pretreatment by CzHa oxidation: runs I (A),  I1 (O), I11 (a). 
Pretreatment by EtO f N2: ~ U I I S  A ( O ) ,  B (m). (See Table I.) 

The colnmon feature of these results is that the conversion of EtO to COz 
and HaO goes through a maximum before a steady state is obtained. 

2. Oxidation of EtO after pretreatment by EtO + Nz (feed XaOo). 
The results are shown in Fig. 5 for the feed 1x202 admitted after the fol- 

lowing operations a t  274' C. 
Run A: 1.5 hr. pretreatment by XaOo, which followed prolonged kinetic runs 

a t  EtO oxidation (see Table I, Expt. 6). 
Run B :  28 hr. pretreatment by XzOo which followed run A (see Table I, 

Expt. 6). 
Characteristic of pretreatment by EtO + i\Tz is the rapid decrease of the 

osidation of EtO to a stable value. 
. 

DISCUSSION 

The importance of these results lies in their influence on the correct estab- 
lishment of the reaction kinetics. I t  became evident almost from the beginning 
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'TABLE I 
PRETRE-~TMRNT VARIABLES (ALL AT 274' C., EXCEPT WHERE OTHERWISE STATED) ' 

Experiment 
No. C?HI -t 0, 

( I )  Kinetic 
series 234" C 

Pretreatment 

EtO + 0 2  EtO + N 
(2) 5 hr. 

(I) 1.5 hr. 

(1) 5 hr. 
(Run I ,  
Fig. 5) 

series 
(3) 18 hr. (4) 28 hr. 
(Run A. 

(1). Run 11, 
Fig. 5 and 
kinetic 

Pig. 5) ' 
(5) 46 hr. 
(Run B, 
Fig. 5) 

(2) 1.5 hr. 

/ ( I )  18 hr. 

(4) 40%0? + N 
20 hr. 

(1) 23 hr. 
(Run 111, 
Fig. 5) 

(2) 18 hr. 

(2) 3 hr. 

(1) 35 hr. 

I 
I Reference for 

standard 1 EzO? 

(3) 234", poisoned 
(5) Curve 1, Fig. 3 

(3) Curve 2, Fig. 3 

(2) Curve 3, Fig. 3 

(2) Curve 4, Fig. 3 

(2) Curve 5, Fig. 3 

(6) Curve 6, Fig. 3 

(2) C ~ ~ r v e  7, Fig. 4 

(3) Curve 8, Fig. 4 

of this work that reliable data could not be obtained unless care were taken 
to maintain a standard state for the catalyst. Also, if the kinetics for EtO 
oxidation are to be correlated with those of the CzH4 oxidation, account must 
be taken of the fact that the catalyst conditioned for one reaction is certainly 
in an unsteady state with respect to the other. 

I t  is suggested that the concept be introduced of separate rates of attain- 
ment of surface equilibrium to account for coverage (a)  by reacting substances 
and (b) by substances which are nonreactive. 

Nonreactive species behaving as poisons or moderators may be more stably 
sorbed either on the surface or within the silver lattice than reacting species. 
Oxygen atoms are known to diffuse and dissolve in silver (6). Surface sub- 
stances could act as  poisons simply by virtue of the space occupied whereas 
both lattice and surface substances nlay act as impurity centers with energetic 
effects which virtually alter the extent of the catalyst surface. Extremely 
snlall traces of bulk impurities are lcnown to modify the electronic and catalytic 
properties of metals (3, 4). 

On this basis the relations for the rate of establishment of equilibrium for 
reacting species on the free Ag surface may now be developed. The stoichi- 
onletry of the. reactions is neglected for sin~plicity. 
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Let R = reaction rate 
V = net adsorption rate for reactants (aclsorption nlinus clesorption 

rate) 
Aq = change in quantity of reactants accumulated on surface which 

contribute to coverage during time, t. 
qo = maximum possible amount of adsorbed reactants in the absence of 

poisoning effects. 
Subscripts are used as follows: 
e refers to reactant equilibrium coverage for a given poisoning level; 
t refers to conditions a t  time, t ;  
av  refers to average values over the time, t. 
At equilibrium V, = R,. 
Since l'nv > T'e, 

then . 
[I1 Vnv > Re. 
PI Aq = (V,v - Rnv)t . 
From [I.] and [2] it follows 

[31 Aq > (Re - Rnv)t. 
[4I Since Rnv < Rt < Re 
[SI and < Clop 
from [3], [4], and [5] we have 
161 Rt < R e  < R t  + qo/t. 

In the present case qo is in the order of 1 cc. (N.T.P.). At time t = 0.1 hr., 
R t  is already found to be in the order of 400 cc. (N.T.P.)/hr. and equation [6] 
may therefore be written, 

R t  = 400 < Re < 410 cc./hr. 
Hence the equilibrium coverage in question is certainly very closely approached 
within the first 0.1 hr. 

Slow processes which continue for tinles in the order of 100 hr. or more 
cannot be identified with the establishment of equilibrium surface coverage 
by reacting species and must be attributed to establishment of equilibrium 
respecting poisons. In view of the large difference in the magnitude of these 
two rates, reaction kinetics may be studied on a poisoiled catalyst surface, 
provided the same degree of poisoning is maintained throughout. This require- 
ment was observed during all the measurements reported in Parts I1 and 111, 
by preconditioning the catalyst a t  a given temperature with a gas mixture of 
average coillposition respecting the range employed. Frequent checks were 
made to  verify the maintenance of the same reference state. 

I t  is believed t h a t  stable poisons accumulate slowly during reaction and 
that for any given level of poisoning the remainder of the surface is available 
for rapid establishment'of equilibrium respecting reacting species. A change in 
temperature or con~position of the reactants will tend to affect the extent of 
poisoning in a direction dependent on the equilibrium position for the new 
system respecting poisons. 

At first sight it may appear that where conversion of reactants exceeds the 
normal level, as for example, the case of C2H4 oxidation during the first few 
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hours following treatment by EtO and Nz (Fig. 4), it could be attributed to 
slow burning of carbonaceous deposit on the surface. However, calculatio~l 
based on the esti~nated adsorption capacity of the catalyst sample shows that 
to account for the excessive COz formation the carbon deposit would have to 
be several hundred atoms thick. Run 8, Fig. 4, shows during the first three 
hours an average conversion to EtO of 39% instead of the maximum of about 
3 3 7 ,  expected on the basis of curves for the preceding group of runs shown in 
Fig. 3. With feed flow equal to 41.8 liters (N.T.P.)/hr. containing 4.7%' C2FI4, 
a t  least 350 cc. of excess EtO are formed whereas the surface adsorption 
capacity is of the order of 1 cc. Hence the changes in conversion cannot be 
explained on the basis of massive desorption only. 

I t  remains to deduce the nature of the inhibiting species which are responsi- 
ble for observed slow processes. 

( I )  Inhibition of Ethylene Oxidation by 0 2  and by Residues Fornzed During 
Oxidation of EtO 

Pretreatmerlt by 0 2  or by EtO + 0 2  (see Table I, Expts. 1-6 inclusive) 
results in the qualitatively similar observation that collversion both to  COz 
and EtO is abnormally low and selectivity high for standard conditions with 
a tendency to approach normal values with time. In addition to these, similar 
effects on the CzH4 oxidation are produced by pretreatment ( a )  a t  a higher 
flow rate and (b) a t  lower temperature with the same flow rate and composition 
of feed composed of C2H.I and 02.. The converse is also true. 

The only common feature of all these pretreatments is that O? concentration 
in the off-gas is higher than in the case of standard run 1E202, whose behavior 
they affect. However, according to Fig. 3, oxygen alone is a less active in- 
hibitor than EtO + O2 and the influence of Oz decreases when the inhibition 
by EtO and 0 2  is removed; on the other hand, EtO alone (with N2) not only 
fails to poison, but enhances activity (Fig. 4). Hence it must be concluded 
that there are two inhibiting species: 

(I) Oxygen atoms, slowly attaining stable positions. 
(2) Slowly formed surface products of EtO oxidation. 
Explanation (1) respecting oxygen action nzay be applicable to the observa- 

tion of Benton and Elgin (1) that pretreatment of silver by 0 2  always gave 
lower activity for Hz oxidation than pretreatment by Hs. 

Fig. 4 inay now be explained. After the initial high conversion, which results 
fro111 the removal of inhibiting oxygen by EtO + Nz pretreatment, oxygen is 
slowly sorbed again with a drop in conversion to  the former level probably de- 
termined by unremoved products of former EtO oxidation. The latter were 
not removed by runs prior to EtO + N2.  Then these also are slowly eliminated. 

(2 )  InfEuence of Pretreatment on EtO Oxidation 
In the case of pretreatment by EtO + Ns the conversion of EtO to COs is 

initially high and then decreases (Fig. 5, A, B). This conforms to the hypo- 
thesis that inhibiting particles are 0 atoms and EtO surface oxidation products. 

If the pretreatment is CzHd oxidation, the conversion of ethylene oxide to 
C02 goes through maximum (Fig. 5: I ,  11, 111). Runs for C?H4 and for EtO 
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oxidation differ largely in the absence of C2H4 and in higher concentration of 
EtO and 0 2  in the latter runs. To  explain the ascending portion before the 
maximum, it is therefore necessary to concl~~cle that there is a third sort of 
stably sorbed particle formed during C2H4 oxidation. When EtO oxidation is 
started, these are at first removed, followed by the onset of oxygen inhibition 
and formation of EtO oxidation residues. 

I t  n1ay be noted here that Twigg (7) found the formation of residues on 
contact with oxygenated catalyst much greater in the case of EtO than in the 
case of C2H4. 

(3) Inhibi t ing Effect of Pretreatment by Feed Rich  in C2H4 and  Poor i n  O2 
Standard C2H4 Oxidation 

When the standard feed lE2O2 is passed after pretreatment by EIO1, initial 
measurement shows higher CO2 and lower EtO conversions with lower selec- 
tivity than for normal conversion values. All these values tend to approach 
the normal level slowly with time. 

The essential difference between Ed01 and 1E202 is that the former has much 
lower Or and much higher C2H4 co~lcentration in the outgas. The effect with 
respect to CO2 conversion and to selectivity conforms well to the picture of 
inhibiting oxygen having been removed by an oxygen-deficient run. However, 
the decrease in conversion to EtO can only be understood if the formation of 
stable residues during C2H4 oxidation is assumed, as discussed in the previous 
section. The latter effect may be considered sinlilar to that observed by 
Benton and Elgin (2); in the oxidation of H? the use of mixtures with large I-Ip 
excess resulted in subsequent permalient decrease of catalytic activity. This 
could be due to fixation of H20  or OH' in stable positions. 

The slow processes which were found must therefore be attributed to the 
slow fixation and removal of three kinds of particles: oxygen atoms, surface 
products of C2H4 oxidation, and surface products of BtO oxidation. 

These effects may be coinpared with known poisoning effects due to Clz or 
Son. Both decrease the conversion*, the selectivity being higher than the 
normal selectivity extrapolated to zero contact time in the case of C12, lower 
than normal in the case of SOe. Obviously, this behavior cannot be due to  
the reduction of effective contact time b y  poisoning, as was suggested during 
discussion of Twigg's work (7). Rather, the conversion and selectivity changes 
are due to the formation of stably sorbed Clz and SO? particles-impurity 
centers-which change the coverage and possibly the energetics of the catalyst 
system. 

The investigation was not carried beyond this stage by virtue of large time 
cons~~mption and the fact that a sound basis for kinetic measurements had 
been achieved. 

SUMMARY 

In the silver catalyzed oxidation of ethylene or ethylene oxide (EtO), the 
silver catalyst activity measured under constant standard conditions in a 

* Accordirig to sotne prelit~titzary work it1 this laboratory, this effect i s  reversible, the t i m e  
needed for recovery being of the same order as  zn the case of slow processes discz~ssed i l l  this paper. 
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flow system was found to be dependent on the conditions of pi-evious catalyst 
treatment such as reaction temperature and reactant con~position. 

Oxidation of 
Stabilization of new catalyst by  an C2H4-02 mixt~ire under standard con- 

ditions, referred to  as  (I) was found to occupy a period of about 150 hr. If 
this is followed by some other nonstandard conditions (11) a subsequent return 
to (I) will produce an abnormal activity (A), the effect being removed within 
a period of 50-200 hr., depending on 11. 

The  following correlations were established between (11) and (A) : 
(a) (11) is the standard C2H4-02 mixture a t  lower (or.higher) temperature 

than tha t  used in (I). 
(A) shows lower (or higher) conversions and higher (or lower) selec- 

tivity respecting E tO  formation. 
(b) (11) is a n  C:!H4-O2 mixture of high C2H4 and low 0 2  concentration. 

(A) shows increased C o n  and decreased EtO formation; difficult to 
eliminate completely. 

(c) (11) is O2 or a mixture of 0 2  and EtO. 
(A) shows pronounced activity decrease with increased selectivity. 

(d) (11) is EtO. 
(A) shows high conversions rapidly declining. 

Oxidation of EtO 
The  catalyst has to be stabilized under standard conditio~ls by a mixture 

of EtO-O?. Slow processes occur similar to those observed during C2H, 
oxidation : 

(a) (11) is EtO. 
(A) shows abnormally high conversion to COa, rapidly decreasing. 

(b) (11) is an  C2H4-02 mixture. 
(A) indicates that conversion to CO:! passes through a maximum with 

time. 
The  results are explained on the basis of slow establishment of equilibrium 

respecting fixation of stably sorbed oxygen atoms and surface products of 
oxidation. I t  is emphasized that  in view of the slow processes observed, the 
kinetic measurements must be punctuated by frequent stabilizing check runs 
in order to maintain the catalyst in the same reference state. 
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EXCITED MOLECULES AS THE REACTIVE SPECIES 
IN ACTIVE NITROGEN1 

ABSTRACT 
No reaction has been detected between ethylene and nitrogen molecules 

obtained in the thermal decomposition of metallic azides. Since such decompo- 
sition reactions apparently produce nitrogen molecules excited to the same elec- 
tronic level a s  those present in active nitrogen formed by a condensed discharge, 
it might be inferred that excited molecules are not the reactive species in active 
nitrogen. 

INTRODUCTION 

When nitrogen is passed through a condensed discharge under suitable 
conditions, its chemical reactivity is greatly enhanced. Strutt  (7) attributed 
the reactivity to nitrogen atoms, but it has also been ascribed to  N2* excited 
nlolecules, N3 radicals, Nz+ ions, and other species. Mitra has reviewed the 
various arguments and evidence (5);  in a recent paper (6) he concludes that 
nitrogen atoms are probably the active species. 

I t  is generally agreed that nitrogen atoms are formed in the clischarge and 
recombine to form nitrogen molecules in the metastable B311, state, mostly 
excited to the 11th or 12th vibrational level. These may redissociate, or may 
undergo transition to an A32$ state with emission of the first positive band, 
corresponding to the persistent yellow afterglow associated with active 
nitrogen. Transition from the A32$ state to the ground state results in emission 
of Vegard-Kaplan bands in the far ultraviolet. Both excited species are prob- 
ably subject to radiationless transition to the ground state through a suitable 
third body collision. 

A source of excited nitrogen molecules other than the electrical discharge 
would obviously be of assistance in identifying the reactive species in active 
nitrogen. The thermal decomposition of certain metallic azides seems to offer 
such a source. The  results of kinetic studies by Thomas and Tompkins (8, 9) 
on the thermal decomposition of barium azide appear to be satisfactorily 
explained on the basis of recombination of N3 excitons to form Nz molecules, 
while the formation of atomic nitrogen appears to be excluded. Other studies 
by Audubert (1) and by Finkelstein (3) indicate tha t  a t  least part  of the nitro- 
gen formed during decomposition of various metal azides is in an excited state. 
Strong excitation of the mercury resonance line in the presence of deco~nposing 
azides was observed, and interpreted in terms of a resonance transfer between 
nitrogen and mercury in the 1650 A region, corresponding approximately to 
173 kcal. per mole, and roughly to the B3H, state of the nitrogen molecule 
without vibrational excitation (4). I t  may be inferred, therefore, that  the 

&.lanuscript received Ja~zziary 14, 1954. 
Contribtction from the Physical Chenzistry Laboratory, &.lcCill Unioersity, Montreal, Qtle., 

with financial assistance from the National Research Coz~ncil of Canada. 
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thermal decompositioil of azides should provide a source of excited nitrogen 
molecules, unaccompanied by nitrogen atoms. 

Since the reaction of ethylene with active nitrogen from a discharge tube 
has been found to occur rapidly, with procluction of hydrogen cyanide (lo),  
it seemed of interest to decoinpose metallic azides in the presence of ethylene 
and examine the reaction products for hydrogen cyanide and other possible 
evidence for reaction between excited molecules of nitrogen and ethylene. 

Barium azide was prepared by  distilling hydrazoic acid from a 3y0 solution 
into a suspension of barium hydroxide. The  azide was precipitated with 
alcohol, filtered, and dried over conceiltratecl sulphuric acid. Silver azide was 
precipitated by the addition of silver nitrate to sodium azide in aqueous 
solution, filtered, and dried in the same way. Both azides were used without 
further purification. 

The  azides were decomposed in a horizontal furnace made of 18 mm. Pyrex 
tubing. The azide was introduced in a boat, 12 cm. long, made of 14 mm. 
Pyrex tubing, open a t  both ends, and with a hole in the middle through which 
the azide was added. 

Reaction rates were measured by rate of pressure increase, assumed to be 
due entirely to nitrogen evolved. Condensable products were analyzed for 
hydrogen cyanide by absorption in 1 N potassiuin hydroxide solution and 
titration with 0.01 M silver nitrate. A cupric acetate- benzidine acetate spot 
test was also used (2). 

The  decomposition of barium azide (50 to 175 mgm.) was studied in 17 
experiments a t  158" C. In 10 of these, ethylene was present a t  pressures 
ranging from 3 to 29 cm. The  solid residue in the boat was dissolved i11 standard 
acicl and spot tests were made for cyanide and ammonia, which would be 
formed if nitride were present in the residue. One aliquot portion of the 
solution was titratecl with s ta~ldard alkali to determine the amount of barium 
and ammonia present; a seco~ld aliquot was made alkaline, the ammonia 
boiled off, and the solution back titrated. The  difference in titer value for the 
two aliquots allowecl the amount of barium nitride formed during decompo- 
sition to be estimated. 

Three experiments were made in which barium azicle was dropped through 
a vertical furnace a t  450" C. containing ethylene a t  a pressure of about 30 cm. 
Both gaseous products and solid residue were examined for the presence of 
hydrogen cyanide. 

Three experiments were made with sodium azide and three experiments 
with silver azide in the presence of ethylene a t  temperatures of 360" C. and 
300" C. with pressures ranging from 2 to 10 cm. and 8 to 20 cm. respectively. 
Analysis was macle only for hydrogen cyanide in the condensable gaseous 
products and solid residue. 

One experiment was inade with each of ethylene, hydrogen, nitrogen, and 
helium to determine the effect on the rate of production and yield of nitrogen 
from barium azide a t  158" C., with 13 cm. pressure of gas present. 
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RESULTS AND DISCUSSION 

Hydrogen cyanide was not detected in either the condensable gaseous 
products or the solid residue from ally of the experiments. For a 100 mgm. 
sample of azide, it should have been possible to detect conversion into cyanide 
of O.lyo of the nitrogen evolved. 

The presence of ethylene during the decomposition of bariunl azide caused 
a decrease in both the rate of production and the yield of nitrogen, directly 
proportional to the pressure of ethylene. However, the recovery of ethylene 
and barium (2  to 4% as nitride) was complete. With hydrogen present, the 
decrease in rate of production and yield of nitrogen was much greater than 
with ethylene present, while nitrogen and helium had very little effect. The 
observed decrease in yield of nitrogen was much more than would correspond 
to complete conversion of the azide to nitride. A quantitative study of the 
behavior was not attempted but the results indicate that further studies of 
similar type might be interesting. 

For a given preparation of azide the induction period was increased with 
increased ethylene pressure. Crystal size varied with each batch of azide 
prepared and the largest crystals had the shortest induction period. No 
measurable amounts of water were obtained following decomposition of the 
barium azide and the samples were assumed to  be anhydrous. This was verified 
when the crystals were examined under a microscope and found to  be inono- 
clinic rather than triclinic. 

With sodium and silver azides the yields of ni'trogen corresponded to their 
complete decompositioil and ethylene was totally recovered, although the rate 
of deconlposition decreased with increased ethylene pressure. With none of 
the azides did an increase of temperature, after the reaction had stopped, 
cause further production of nitrogen. 

The absence of hydrogen cyanide and other possible products of a reaction 
between active nitrogen and ethylene inight be interpreted in several ways. 
I t  might, for example, be questionecl that excited nitrogen molecules were 
produced in concentrations s~~fficient for chemical detection. While Finlcel- 
stein ( 3 )  has demonstrated the presence of excited nitrogen molecules in azide 
deconlpositions, through a study of energy transfers with mercury and other 
metallic vapors, a quantitative estimate of their concentration is rather 
difficult. However, for the consecutive processes of transfer and fluorescence, 

Nag* + Hg -p Hg** + N2 

Hg** .F Hg* + hvl 
Hg* d. Hg + lzvg (2537 A) . 

Finltelstein calculated a lower limit of 3.5 X for the over-all efficiency of 
conversion to 2537 A radiation on the assumption that every molecule of 
nitrogen was excited. These calculations are rather crude, but they do suggest 
that an appreciable fraction of the nitrogen evolved must be in an excited 
state, probably sufficient for detection by the methods used if reaction between 
the excited nitrogen n~olecules and ethylene were possible. 

I t  might also be suggested that,  if the nitrogen is released inostly a t  the 
azide-metal interface (8, 9), it would have to diffuse through the lattice to 
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reach the ethylene in the gas phase, ancl might suffer de-excitation in the 
process. However, the efficiency of transfer and fluorescence found by Finkel- 
stein would seem to indicate tha t  an appreciable quantity of excited nitrogen 
does reach the gas phase to effect energy transfer with mercury. Furthermore, 
in the present experiments in which barium azide was dropped through 
ethylene a t  450° C., well above its detonation temperature, de-excitation of 
the nitrogen before contact with ethylene seems unlikely. 

Interpretation of the present experiments must also recognize that  excited 
molecules derived from recombination of atoms formed in a condensed dis- 
charge through nitrogen are generally believed to  be in the 11th or 12th 
vibrational level of the B311, state, while those obtained by thermal decompo- 
sition of azides are possibly in the same electronic state but vibrationally un- 
excited. T h e  difference in energy would amount to about 52 kcal. per inole (4). 
Hence, the reactions of ethylene with excited molecules froin the two sources 
could differ energetically to this extent. 

I t  would seem, however, that reaction of excited molecules from azide need 
not be energetically improbable because of this difference. This may be 
illustrated by considering a reaction of the type that appears to be encountered 
in the reaction of ethylene with active nitrogen from a discharge tube (lo), 

C2H4 + N?* - H C N  + CH3 + N. 
I f  the excited molecule involved in the reaction is one formed by recombination 
of atoms from a discharge through nitrogen, the energy required to break the 
N = N  boncl i~lvolved may be taken a s  zero. If the C = C bond dissociation 
energy is taken as  120 kcal. per mole and tha t  of the C = N  bond as  175 kcal. 
per mole, the reaction indicated would be some 55 kcal. per mole exothermic. 
If, on the other hand, the excited nitrogen molecule involved were derived 
from azide the reaction xi~ould be about 52 Itcal. per mole more endothermic, 
i.e., approximately thermoneutral. Hence, although a difference in rate of 
reaction of active nitrogen derived from the two sources might be expected, 
energetic considerations alone do  not appear to rule out the possibility of 
reaction between ethylene and active nitrogen obtained from azides, particu- 
larly in the experiments a t  higher temperatures. 

Possible reactions other- than that  suggested above might well be more 
favorable energetically, as  for example, 

CZH4 + Nz* 2HCN + Hz 
or C2H4 + Nz* + (CN)2 + 2H1. 

The  various observations and arguments outlined above indicate, although 
they do  not prove, tha t  excited molecules of nitrogen are incapable of reactions 
of the type observed with active nitrogen froin a discharge tube, and that  the 
chemically reactive species in active nitrogen is not the excited nitrogen 
molecule. 
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PREPARATION OF SOME NEW BRANCHED-CHAIN 
CARBOHYDRATES FROM D-a-FRUCTOIIEPTONIC LACTONE' 

ABSTRACT 

D-or-Fructohcptonic lactone ( I )  was oxidized with an equimolar arnount of 
periodic acid to give formaldehyde and a hexuronic lactone (11) which was 
hydrolyzed to  crystalline 4-C-hydroxymethyl-I.-xyluronic acid (111), (68% 
yield). Hydrogenation of 111 gave a n  aldonic acid which was isolated as crystal- 
line 2-C-hydroxymethyl-L-xylonic lactone (V). Reduction of V by sodium 
amalgam gave 2-C-hydroxymethyl-D-xylose (VI), which 'crystallized after 
purification as the 2,5-dichlorophenylhydrazone. Hydrogenation of VI gave 
1,l-di(C-hydrosymethy1)-D-threitol (VII) which was purified as the crystalline 
hexaacetate. Treatment of I11 with methanolic hydrogen chloride gave a glassy 
material which was reduced by sodium borohydride arld hydrolyzed by hydro- 
chloric acid to give 4,4-di(C-hydroxyn1ethyl)-~threose (IX), which was isolated 
and characterized as the crystalline 2,5-dichlorophenylhydrazone. Oxidatiorl 
of I11 by either bromine or nitric acid gave 2-C-hydroxymethyl-D-xylaric acid 
(IV), which was characterized as  the crystalline an~monium salt. 

INTRODUCTION 

The strircture of ~ir-fructoheptonic lactone (I) nlay be written as  a 7-lactone 
since i t  gi,ves aqueous solutions with a constant optical rotation. This nlolecille 
has three diol bonds that one would expect to  be split by periodic acid. These 
are the primary-secondary, the primary-tertiary, and the secondary-tertiary 
carbon bonds. Cleavage oE the secondary-tertiary carbon bond would be ex- 
pected to  proceed a t  a slower rate than cleavage of the other bonds. For example 
Prins and Reichstein (18) have oxidized sterols of type A to sterols of type B 
in good yields. 

I I mole 
--C-CHOH-CH:OIJ -- F -COW-CHO 

I periodic acid I 
Sterol A Sterol B 

Furthermore it has been the experience of carbohydrate chemists that carbon- 
to-carbon bonds in rings (as in glj~cosides) are split more slowly than bonds in 
open chains (as in sugar alcohols). 

The  yield of fornlaldehyde obtained on treating D-a-fructoheptonic lactone (I) 
with excess periodic acid shows that both primary alcohol groups can be split 
off (see Table I) .  If only one mole of periodic acid is used per mole of I the high 
yield of formaldehyde (0.93 moles) indicates that this type of splitting is faster 
than ring cleavage. This Inay not be generally true for all lactones judging 
from the results obtained with galactonic and mannonic r-lactones (Table I) 
bvhere the rather low yield of for~naldehyde suggests that either the ring and 

fiTanuscript received Dccerwbcr 21, 1953. 
Contribzllion front the National Research Cot~ncil of Canada, Prairie Regional Laboratory, 

Saskafoo7i, Saskatchewan. Iss~red as Papcr No. 166 0 t h  the Uses of Plant Products and as N.II.C. 
No. 3223. 

National Research Cozrncil of Canada Post-doctorate Fellow, 1952-53. 
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ternlinal diol bonds are attacked a t  about the same rate or else the lactone ring 
is opened rapidly in about half the molecules prior to oxidation. 

We have found that the most rapid reaction during the oxidation of fructo- 
heptonic lactone (I) is the cleavage of the terminal diol bond between the 
secondary and primary carbons. When an aqueous solution of this lactone was 
treated with an equimolar amount of periodic acid, 0.93 moles of formaldehyde 
were liberated (Table I). The  acids were removed by an acid absorbing resin 

TABLE I 
YIELD OF FORMALDEHYDE ON OXIDATION OF LACTONES BY PERIODIC ACID 

Periodic acid Reaction Formaldehyde 
(~noles/mole 1 t i ne  1 ' ~ n m ~ e s / ~ n o ~ e  I of lactone) (hours) of lactone) 

to  give a solution of the lactone (11). This lactone was a sirup but on forming 
the sodium salt and replacing the sodium by hydrogen, with an ion exchange 
resin, the crystalline 4-C-hydroxymethyl-L-xyluronic acid (111) was obtained 
in good yield (68%). The  structure of this uronic acid was proved (see Fig. 1) 
by oxidation to 2-C-hydroxymethyl-D-xylaric acid (IV), which was characterized 
as  a crystalline diamnlonium salt, and also by hydrogenation to 2-C-hydro- 
xymethyl-D-xylonic acid, which was isolated as  the crystalline lactone (V). 
A tricarboxylic acid was not obtained on prolonged oxidation of I11 with nitric 
acid. This is not surprising since Freudenberg and Blummel ( 5 )  had difficulty 
in obtaining one by nitric acid oxidation of hamamelose. 

The uronic acid (111) is shown as  an open chain in Fig. 1, since i t  is not liilown 
whether it forms a furanose ring with the tertiary hydroxyl or a pyranose ring 
with the primary hydroxyl. There are two reasons for believing that a ring is 
formed; firstly, because the coinpound shows mutarotation and, secondly, 
because crystals of the uronic acid are deposited from the sirupy lactone (11), 
on long standing, thus indicating the acid to be the stable ~~~oclification. The  
acid would not be expected'to be the stable form unless formation of a glycosidic 
ring has so changed the shape of the molecule that formation of a lactone ring 
is no longer possible. 

The  uronic acid (111) was used as  a starting material for the preparatio~l of 
some other new branched-chain carbohydrates, as  shown in Fig. 1. Reduction 
of the aldehyde group followed by reduction of the acid group gave 2-C-hydroxy- 
methyl-D-xylose (VI), a crystalline aldose which gave the alcohol (VII) on 
further reduction. This aldose formed crystalline hydrazones but  not osazones. 
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FOOH CHO 

HOH~C-L-OH HO-C-H I 

Ho-L-H H-c-OH I 
H-&-OH Amorphous 

I 
C - O H  

I methyl glycoside NaBHl 
COOH / \ 

methyl ester -k HOHZC CHzOH 
2N HCI 

H o H c - ~  HO-C-H 1 

I 
H-C 

I 

I 

CHzOH 

(1) 

""-?-: 1 NaOH 
HO-k-H 

l mole --+ H-c H-&-OH 
H m 6  I I R-120-H 

CHO 
I 
CHO 

CHO ' CHZOH 

HOH2C-C-OH 
I 

HOH2C--?--OH HOHzC-?--OH I 
HO-k-H 

I 
HO-C-H 

I Ht/Ni 
H- . 

I - H-C-OH ------f H-C-OH 
I 
CHzOH 

(V) 

FIG. 1. Branched-chain carbohydrates from D-a-fructoheptonic Iactone (I). 

Reduction of the carboxyl group (21) of I11 without reduction of the aldehyde 
group gave the sirupy 4,4-di(C-hydroxymethj~1)-D-threose (IX). This aldose 
was characterized as a crjrstalline 2,5-dichloro-phenylhpdrazone. I t  also formed 
an osazone. 

The alcohol (VII) was a sirup even after purification as a crystalline hexa- 
acetate. Its optical rotation, as well as that of fructoheptitol (23), is higher than 
is usual for unsubstituted pentitols or hexitols. This may be occasioned by 
distortion of the usual intramolecular arrangement by the side chain (13). 
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I t  is difficult to establish the configuration of the asymmetric tertiarj- carbon 
in branched-chain carbohydrates since there are no conlpounds of established 
configuration to which they can be directly related. The configurations of the 
branched-chain sugars, apiose (19) and cordycepose (2), were established by 
applying the empirical acid-salt (15, 16), ainide (11, 12), or phenylhydrazide (10, 
17) rules to the corresponding aldonic acids and their derivatives. Since the 
tertiary carbon is not asymmetric in these sugars there is no reason to question 
the validity of this procedure. Streptose has an asymmetric tertiary carbon but 
its structure has been fully determined, largely by degradation to compounds of 
known configuration (3 ,8 ,  22). I t  was found that dihydrostreptosonic acid 
obeyed the hydrazide and amide rules (14) thus suggesting that the empirical 
rules of rotation can be applied to carbohydrates having an asymmetric tertiary 
carbon atom. Freuclenberg et al. (6, 7) have concluded that the acid-salt, amide, 
and phenylhydrazide rules are applicable to a-methyl-a-hydroxy fatty acids. 

The rules of rotation have been used by Schmidt and Weber-NIolster (20) to 
assign configurations to three different 2-C-hydroxymethyl aldonic acids. They 
found that hamamelonic acid resembled ribonic acid, D-a-fructoheptonic acid 
resembled gluconic acid, and D-0-fructoheptonic acid resembled mannonic acid. 
These acids were thus taken to be the 2-C-hydroxymethyl-D-ribonic, 2-C- 
hydroxymethyl-D-gluconic, and 2-C-hydroxymethyl-D-mannonic acid, respec- 
tively. The configuration assigned to the compounds in this paper is based on 
Schmidt's formulation of D-a-fructoheptonic acid as 2-C-hydroxyinethyl-D- 
gluconic acid. The data on which the assigned configurations are based are 
collectecl together in Table 11. 

TABLE I1 
SPECIFIC ROT.~TIONS* 

I I I I I Free acid Na salt Arnide Phenylhydrazide 

D-Gluconic acid 
D-n-Fructoheptonic acid 
D-8-Fructoheptonic acid 
D-Mannonic acid 
D-Ribonic acid 
HamameIonic acid 
D-Arabonic acid 

D-Xplonic acid 

2-C-HydroxymethyI-D-xylonic acid 
D - L ~ x o ~ ~ c  acid 

+22.5 
-28.7 + 5.2 
-19.2 + 4.3 
- 9 
-11.8 

iCalciurl~ salt) 
+30.6 

(Strontium salt) 
-34.9 
- 19 

I I 

* The rotations tabulated are as given by  Schmidt and Wber-Alolster (20) except the z~alz~es 
for D-xylonic and D - I Y X O T L ~ L  acid whiclr are taken from the czlrrent literature a?~d  the values for 
2-lzydroxyrnethyl-D-xylonic acid which are from this paper. 

Schmidt and Weber-Molster were led to the conclusion that the amide and 
phenylhydrazide rules were applicable to the 2-substituted acids though the 
acid-salt rule could not be used. We now have the opportunity of applying the 
latter rule to 2-C-hydroxymethyl-D-xylonic acid with the kilowledge that the 
branched-chain acid has the same configuration a t  carbon-2 as D-a-fructoheptonic 
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acid. These acids and their derivatives are listed in Table 11. The corresponding 
derivatives of xylose and lyxose are included for comparison. I t  can be seen 
that the branched-chain acid derivatives listecl obey the empirical rules if the 
emphasis is altered from the absolute sign of the rotation of the derivatives to 
the rotations of the derivatives relative to those of the free acids. Thus, if the 
rules are stated in the form, "the hydroxyl group will be on the right (D) in the 
normal vertical formula if the salt, amide, and phenylhydrazide are more dextro- 
rotatory, or less levorotatory, than the acid," then the accepted carbon-2 
config~irations of the acids can be predicted by this generalization. The acid-salt 
relationship of ~ - P - f r ~ ~ t ~ h e p t ~ n i ~  acid is anomalous though the difference 
between the two rotations is probably not sufficiently great for the rule to be 
applied with any confidence in this case. 

EXPERIMENTAL 
General Methods 

The micromelting points were determined on a Kofler bloclc and are corrected. 
Anions and cations were removed from solutions by the weakly basic and 
strongly acidic Amberlite IR-4B and IR-120 resins respectively, and the filtrates, 
and other aqueous solutions, were evaporated under reduced pressure in a Craig 
evaporator (4) (bath temperature about 50-60" C.; 10 mm. pressure). The 
brucine salts all crystallized with solvent of crystallization, which could not 
be easily removed. Unless the conditions of drying are specified the physical 
properties given for these salts are for material dried overnight in a vacuum 
desiccator containing phosphorus pentoxide and evacuated to about 0.1 mm. 
The pure salts were crystallized to constant rotation, taken after a standard 
drying period. Aldose equivalents were determined by oxidation with alkaline 
iodine as has been used with glucose (9). 
Yield of Formaldehyde on Periodic Acid Oxidation of Lactones 

Samples of the Iactones (1 millimole) were dissolved in water (10 ml.), the 
solution was cooled in an ice-bath, and the appropriate quantity of 0.1 M or 
0.5 A/r periodic acid solution added. Excess periodic acid and iodic acid were 
decomposed with arsenite solution and the formaldehyde was weighed as the 
dimedone derivative (1). All samples of the formaldehyde-dimedone had 
n1.p. 196 to 198" (uncorr.), undepressed upon admixture with an authentic 
sample of forinaldehyde-dimedone prepared in a similar manner, n1.p. 196- 
197.5" (uncorr.). The results are collected in Table I. 

Preparation of 4-C-Hydroxymethyl-L-xylz~ronic Acid (111) 

A solution of periodic acid (54.8 gm.; H5106) in water (200 ml.) was added 
dropwise to a solution of 50 gm. of crystalline D-a-fructoheptonic lactone (23) 
in 400 1111. of water, the reaction vessel being cooled in an ice-salt bath. After 
the addition was complete (about 30 min.) the reaction mixture was allowed to 
stand a t  4" overnight and then, while still cold, was passed through a column 
of Amberlite IR-4B resin sufficient to remove the inorganic acids present (about 
350 ml. of resin). The usual precipitation methods of removing the iodic acid 
were unsatisfactory as traces of this oxidizing acid remained and the hexuronic 
acid could only be isolated with difficulty and in small yield. Sodium hydroxide 
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solution (N) was added to the filtrate and washings (about 2500 ml.; pH 3.5) 
from a Beckman automatic titrator set to  maintain the pH a t  8.0. About 200 ml. 
was required over a period of four hours. Cations were removed froin the solution 
by passage through a column of cation-exchange resin and the filtrate evaporated 
to  a sirup which crystallized when diluted with ethanol and seeded with the 
solid acid prepared as described below. The crystals were filtered off, washed 
with ethanol, and dried (32 gm.; 68%), [a]:.3o -63.9" after two hours (c, 4 in 
water). Recrystallization from aqueous ethanol gave 4-C-hydroxynethyl-L- 
xyluronic acid as short needles, m.p. about 180" (decomp.), -39.45" 
changing rapidly to -64.21' (c, 1.75 in water). (Found: C ,  35.7; H ,  5.15; 
neutralization equivalent, 198.5; alclose equivalent, 189. C6H1007 requires 
C, 37.1; H, 5.2; equivalent weight, 194.) 

The mother liquors from which the crystalline acid had separated were 
neutralized with sodium hydroxide solution, the cations removed, and the 
theoretical amount of brucine was added. The crude brucine salt (37 gm.; [a], 
-28.6) was recrystallized from aqueous ethanol and dried over calciuin chloride 
in a vacuum clesiccator; (21 gm.), m.p. 167-168", -25.15" (c, 4.7 in 
water), unchanged by further recrystallization from the same solvent. (Observed 
constants for the brucine salt of D-a-fructoheptonic acid, 1n.p. 170°, [a]g0 
--26.65".) Regeneration of the acid froin a small portion of the brucine salt 
gave a sirup which crystallized slowly. The solid crystallized froin ethanol as 
needles, m.p. 130-130.5", 77.2" (c, 2.0 in water). A specimen of D-a- 
fructoheptonic lactone h a d  [a]:.6o 77.8" and n1.p. 130°, unchanged upon ad- 
mixture with the material just described. The  weight of pure brucine salt 
correspo~ids to a recovery of 6 gm. of starting lactone, giving an over-all con- 
version from D-a-fructoheptonic lactone to the crystalline acid of 777,. 

Seeds of the crystalline hexuronic acid were first obtained as follows. The 
calculated amount of brucine was added to a solution of hexuronic acid, free 
from iodic acid, obtainkd from 50 gm. D-a-fructoheptonic lactone, and the 
solution evaporated to a viscous sirup. The brucine salt crystallized when the 
sirup was diluted with an equal volume of ethanol and cooled. Fractional 
crystallization of the brucine salt froin aqueous ethanol gave three fractions 
showing constaiit optical rotation; (a) a brucine salt, probably that of D-a- 
fructoheptonic acid, (5.5 gm.) [a]: -27.65" (c, 4.2 in water), (b) a salt (20.2 
gm.) m.p., after drying over phosphorus pentoxide for seven days, 166-168" 
(decomp.), [a]:.4o -32.15" (6, 4 in water). (Found: C, 57.0; 11, 6.35; N, 5.0%), 
and (6) a salt (73.0 gm.) 111.p., after drying over phosphorus pentoxide for five 
days, 178" (decomp.), [a]:'' -40.55" (c, 4.2 in water). (Founcl: C, 59.45; 
H ,  5.9; N, 5.0570.) A mixture of equal parts of the salts (b) and (c) melted a t  
161-165" (cleconip.). 

Both unidentified brucine salts (n1.p. 166-168" and n1.p. 178') yielded crystal- 
line 4-C-hydroxymethyl-L-xyluronic acid, which was obtained in 16% and 34% 
yield (w/w) respectively. The acid from the lower melting salt had 1n.p. about 
180" (decomp.), [a]F2 '  -41.2" changing to -64.2" (c, 1.7 in water), and the 
acid from the higher melting salt m.p. 177-180" (decomp.), [a]:." -40.2' 
changing to -65.4O (c, 4.2 in water). Both samples of acid gave a brucine salt 
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1n.p. 174' (decomp.), -40.45' (c, 4.2 in water.) I t  seems probable that 
the lower melting of the two brucine salts was a double salt containills the salt 
of the hexuronic acid and the salt of D-a-fructoheptonic acid, although this was 
not verified and only one acid could be isolated from it. 

If the crude reaction product, free of inorganic acid, \vas evaporated, and the 
neutralization and deionization stages were omitted, a sirup (46.3 glu.; [a]:" 
36.1) was obtained which could not be crystallized, though a sample of the sirup 
deposited the hexuronic acid described above when left a t  room temperat~lre 
for eight weeks. Subsequent neutralization and deionization of the uncrj.sta]- 
lizable sirup enabled the crystalline acid to  be isolated in the usual yield. Only 
a single phenylhydrazine conclensation product could be isolated from either 
the sirupy lactone or the crystalline acid. From either material this was ob- 
tained from ethanol as yellow, unstable needles, 111.p. 160' (decomp.). (Found: 
C,  57.26; H ,  5.85. ClgHzzNdOs requires C,  57.74; H ,  5.92.) The product sepa- 
rated in a gelatinous condition and could not be purified satisfactorily. 

Bromine Oxidation of 4-C-Hydrorymethyl-L-xyluronic Acid 

The acid (5.0 gm.) was dissolved in water (50 ml.) containing suspended 
calcium carbonate (30 gm.), the solution cooled to 5', and bromine (3 ml.) was 
slowly added with stirring. After standing overnight a t  25', the m i x t ~ ~ r e  was 
filtered and the filtrate concentrated under reduced pressure until free of bromine. 
The sirup was diluted and filtered through a column of cation exchange resin 
and again concentrated under reduced pressure, and the sirup was kept a t  about 
40' a t  10 mm. for one hour to remove hydrogen bromide in so far as possible. 
A solution of brucine (30 gm.) in ethanol (100 ml.) was added to the sirup and 
the solution ltept a t  4' overnight. The crude salt (37.4 gm.; n1.p. 200-205' 
~lncorr.) was dissolved in a minimum of water and the excess brucine removed 
by extraction with chloroform. ?'he salt crystallized as  transparent rectangu- 
lar plates after the addition of ethanol, (22.1 gm.) n1.p. 210' (decamp.). 
Further recrystallization of a sample gave the pure brucine salt, m.p. 208' 
(decomp.), [a]:.*' -41.2' (c, 4.3 ill water). Regeneration from the brucine 
salt (6.5 gm.; m.p. 208' decomp.) gave an acid sirup (1.1 gm.), [a]:' 
-27.7' (c, 1.2 in water), which upon treatment with ammoni~lnl hydroxide 
solution gave the crystalline diammonium salt of 2-hydroxymethyl-~-~. lar ic  
acid as needles from water and aqueous ethanol, m.p. 146-149' (decomp.), 
(a]:' -36.1" (c, 2.1 in water). (Found: C, 29.78; H ,  6.63; N, 11.39. C G H ~ ~ O ~ N ~  
requires C, 29.51; H,  6.60; N, 11.47y0.) 

Regeneration from the dia~nmoniuln salt (1.9 gm.) gave 2-C-lzydroxynzethyl-D- 
xylaric acid as  a colorless sirup (1.58 gm.), [a]: O -24.88 after five minutes 
changing to  [a]:.' -27.70' after 75 hr. (c, 2.75 in water). (Found: C, 34.79; 
H ,  4.77; neut. equiv., 106. C6H1008 req~lires C, 34.30; H,  4.80%; neut. equiv., 
105.) 

Nitric Acid Oxidation of 4-C-Hydroxymethyl-L-xylzlronic Acid 

A solution of the ~ ~ r o n i c  acid (7.0gm.) in water (10 ml.) and nitric acid (10 ml.; 
specific gravity, 1.4) was ltept a t  25' for 48 hr. The solution was evaporated 
under reduced pressure to  a thiclc sirup and the bulk of the nitric acid removed 
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by repeating the concentration three times after the addition of successive 
portions of water (100 ml.). Oxalic acid was removed by continuous extraction 
with ether and the aqueous solution was treated with an excess of brucine; the 
excess was then removed by extraction with chlorofornl. The crude brucine salt 
crystallized when the solution was diluted with ethanol and was recrystallized 
from aqueous ethanol to give the pure salt as  transparent plates (7.75 gin.), 
m.p. 208" (decomp.), -40.7" (c, 4.1 in water). Regeneration from a 
portion of the brucine salt gave a sirup, [aID -28.6" (c, 7.2 in water) which gave 
a diammonium salt [or]:' -36.65" (c, 2.3 in water), m.p. 147-149" ( d e c o ~ n ~ . ) ,  
which was unchanged upon admixture with the salt obtained from the bromine 
oxidation described above. 

In a subsequent experiment, carried out under identical conditions, the 
brucine salt obtained had m.p. 170-172", [or]:' -30.6" (c, 2.1 in water), and 
yielded an acid sirup [or]:' -8.8" (c, 4 in water) which formed an ammonium 
salt identical with that described above. Oxidation a t  60" for 15 hr. gave an  
acid sirup and diammonium salt identical with those just described. 

2-C-Hydroxymethyl-D-xylonic Lactone (V) 

A solution of the crystalline hexuronic acid (15 gm.) in water (50 ml.) was 
shaken in an atmosphere of hydrogen, in the presence of a Raney nickel catalyst 
(10 gm. moist solid), a t  3700 lb./sq. in., and 100" C. for 12 hr., when i t  was 
found to  contain less than 5% of the original aldose content. After cooling, the 
solution mas filtered, titrated a t  pH 7.8 with sodium hydroxide (N) solution 
using a Beckman automatic titrator, and passed through a colun~n of cation 
exchange resin. The calculated amount of brucine was added and the solution 
concentrated to  a thin sirup which crystallized when diluted with ethanol 
(2-3 volumes). The  crude salt (28.4 gm.) had m.p. 173-174.5', [or]: -27.4' 
(c, 4.2 in water), and was recrystallized once from aqueous ethanol to give the 
pure salt, m.p. 175", [or]: -28.35" (c ,  4.2 in water). The acid was regenerated 
from a solution of the pure brucine salt (25 gm.) in water (75 ml.) by adding 
sodium hydroxide solution (25 ml.: 2 N), filtering olf the precipitated brucine, 
and passing the filtrate through a column of cation exchange resin. After evapo- 
ration of the acid solution the crude sirup (9.2 gm.) was heated on the steam 
bath for two and one half hours, triturated with acetone, and allowed to crystal- 
lize. The  crude solid (4.75 gm.; m.p. 120-121.2") was recrystallized from a 
mixture of ethanol and acetone to give the pure lacto?ze as rectangular prisms, 
m.p. 121°, [or]:.5o 107.4" (c, 2.2 in water). (Found: C,  40.37; H,  5.95; neutral- 
ization equivalent, 179. C6Hl0O6 requires C ,  40.45; H ,  5.66%; neut. equiv., 178.) 
The product did not reduce alkaline iodine solution. With excess periodic acid 
1 mole of the lactone gave 1.95 and 1.98 moles of formaldehyde, determined as  
the dimedone derivative (see Table I). 

The pure lactone gave a brucine salt crystallizing from aqueous ethanol as  
flat colorless needles, m.p. 175", [a]: -28.41" (c, 4.2 in water). (Found: C,  
57.6; H, 7.35y0.) Addition of the equivalent quantity of standard sodium 
hydroxide solution to a portion of the lactone gave a solution of sodium 2-C- 
hydroxymethyl-D-xylonate, [a]:.5o - 16.0' (4.2 in water). Further addition 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



412 C / I N A U I A N  J O U R N A L  OF CHEMISTRY.  VOL. 32 

of the equivalent quantity of standard hydrochloric acid gave a solution con- 
taining the free acid, -29.1" changing to -47.4' in 30 days (c, 1.8 in 
water). A sirupy ammonium salt, prepared by adding excess am~noniuin hy- 
droxide solution to the pure lactone and allowing the solution to evaporate had, 
after drying over phosphorus pentoxide for 48 hr., [or]:"' - 13.85' changing 
rapidly to -14.25" (c, 13 in water). (Found: C, 33.33; H, 7.09. C6Hl3O6N 
requires C, 33.80, H, 7.09y0.) 

When the hydrogenation was carried out under milder conditions (2000 lb.,/sq. 
in. and 100" C. for two hours) no appreciable reduction occurred and 75% of 
the starting material could be recovered in the crystalline condition. 

2-C-Hydroxymethyl-D-wylose (VI) 

Mother liquors from which crystalline 2-C-hydroxymethyl-D-xylonic lactone 
had been obtained were evaporated and the residue was heated for two hours 
on the steam bath. The viscous sirup (4.9 gnl.) was assumed to be a mixture of 
the -y and 6 lactones since the parent acid had been regenerated from a homo- 
geneous brucine salt. A solution of the sirup in an oxalate buffer solution 
(4.0 gm. oxalic acid dihydrate in 35 ml. warm water diluted with 16 ml. 2 N 
sodium hydroxide'solution) was cooled in an ice-salt bath. Sodium amalgam 
(89 gm.; 3%) was added portionwise, while the temperature was kept below lo0, 
and the pH was maintained below 4 by the addition of powdered oxalic acid. 
After being stirred for a further 45 min., the cold solution was filtered, passed 
through cation- and anion-ion-exchange resins, and evaporated to a thin sirup. 
2,5-Dichlorophenylhydrazine (5.5 gm.) in methanol (30 ml.) was added and 
the mixture evaporated on the steam bath. The residue set solid on cooling. 
After washing with ether and water, the crude solid (5.35 gm.; n1.p. 160") 
was recrystallized from aqueous ethanol and ethanol to give the pure 2,5-dichloro- 
phmylhydrazone as colorless plates, m.p. 162-162.5", [a]:.' -9.75' (c, 4.1 in 
pyridine). The magnitude of the rotation fell on standing but the change was 
acconlpanied by darkening of the solution so that an equilibrium value could not 
be obtained. (Found: C, 42.70; H, 4.76; Cl, 20.59. C ~ ~ I - I ~ G O S N ? ~ ~ ~  requires 
C, 42.49; H, 4.76; C1, 20.91y0.) 

The sugar did not form .an osazone under the usual conditions of osazone 
formation. A colorless, waxy solid, presumably a phenylhydrazone (cf. Woods 
and Neish (23)), was obtained from the reaction mixture at one stage, however 
in the crude state the solid was very unstable and we were not able to isolate 
any pure material. 

The sugar was recovered from the 2,5-dichlorophenylhydrazone (3.0 gm.) 
after a solution of the derivative in ethanol (25 ml.) and water (37.5 1111.) was 
refluxed with benzaldehyde (7.5 ml.) and benzoic acid (0.75 gm.), as previously 
described (23). The resulting sirupy sugar crystallized from an ethanolic solution 
upon standing for several weeks (1.50 gm. ; 94yo), m.p. 107-109' (uncorr.), and 
was recrystallized from ethanol and acetic acid to give the pure sugar as small, 
colorless needles, m.p. 106-107", 30.G5' after four minutes changing 
rapidly to 17.45' (c, 2.2 in water). (Found: C, 39.93; H, 6.71. C6H1206 requires 
C, 40.0; H,  (i.71yO.) Aldose equivalent, 182; equivalent wt., 180. 
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Crystalline 2-C-hydroxymethyl-D-xylonic lactone (1.5 gm.; m.p. 120.5-121") 
was reduced with sodium amalgam (27 gm.; 3%) as previously described. The 
sirupy sugar crystallized when triturated with ethanol and seeded with the 
solid sugar obtained above (0.71 gm.), m.p. 105-106", unaltered upon admixture 
with the above sugar (m.p. 106-107'). 

1 , I  -Di (C-hydroxymethy1)-D-threitol Hexaacetale 
A solution of crystalline 2-C-hydroxymeth yl-D-xylose (5.0 gm.) in water 

(15 ml.) was shaken in an atmosphere of hydrogen, in the presence of a Raney 
nickel catalyst (1 gm.) until the uptake of hydrogen ceased (four hours), a t  
2600 lb./sq. in. and 100" C. The catalyst was filtered off and the filtrate concen- 
trated to a sirup (5 gm.) containing 2.4y0 of unreduced sugar (estimated by 
hypoidite oxidation). 

The bulk of the sirup (4.8 gm.) was acetylated by refluxing with anhydrous 
sodium acetate (4.7 gm.) and acetic anhydride (60 ml.) for four hours. Isolation 
of the product in the usual manner gave a gummy acetate which was dissolved 
in benzene (10 ml.) and filtered through a column of alumina (200 gm.; Merck, 
washed with lOy0 acetic acid and then water and dried a t  180"). Evaporation 
of the eluate and washings (1 liter of benzene), which had been collected portion- 
wise, gave fractions all of which crystallized rapidly. The crude fractions (m.p. 
from 70" to 75" uncorr.) were combined and gave the pure hexaacetute (7.4 gm.) 
as prisms after a single recrystallization from ethanol, m.p. 73", [a];.Oo 27.78O 
(c, 5.3 in chloroform). (Found: C, 49.85; H, 5.97; CH3.CO., 59.0. CleH26012 
requires C,  49.77; H ,  6.03; CH3CO., 59.440j,.) 

The hexaacetate is only weakly adsorbed by the alumina used for removing 
impurities which hinder the crystallization of the crude acetate. These impurities 
appear to be strongly adsorbed and to be present in only small amounts so the 
amount of alumina used above is excessive. Once seeds had been obtained the 
crude acetate could be crystallized directly. 

I ,l -Di(C-hydroxymethyl) -D-threitol (VII) 
A solution of the pure hexaacetate (3.6 gm.) in anhydrous methanol (15 ml.) 

and methanolic sodium methoxide solution (0.2 inl.; 2 N) was allowed to stand 
a t  room temperature for 24 hr. and then evaporated. The sirup was taken up in 
a little water and extracted with chloroform, then evaporated to give a viscous. 
sirup which was dried over phosphorus pentoxide for 48 hr. (1.8 gm.), [a]:.8o' 
- 10.2" (c, 17.7 in water). 

4,4-Di(C-hydroxymethy1)-D-threose 2,5-Dichlorophenylhydrazone 
A solution of the 4-C-hydroxymethyl-L-xyluronic acid (4.7 gm.) in anhydrous 

methanol (200 ~nl . )  containing hydrogen chloride (lyO w/w) was kept a t  room 
temperature for 12 hr., concentrated and the sirup stored in a vacuum desiccator. 
over potassium hydroxide until free of hydrogen chloride (5.1 gm.), [a]FB0' 
-96.5 (c, 4.73 in water). The glassy residue (VIII) was dissolved in water (15 ml.) 
and added dropwise and with stirring to a solution of sodium borohydride 
(1.0 gm.) in water (20 ml.) during 25 mill. The temperature was kept below 40° 
by the occasional addition of a piece of ice. The stirring was continued for a 
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further 15 min. and 2 Nsulphuric acid was acldecl until tile evol~~t ion of hydrogen 
ceased. After standing a t  4" for three hours the solution was passed through 
columns of IR-120 and IR-4B resins and the filtrate evaporated to give a brittle, 
fluffy solid (3.6 gm.). The solid was heated on the steam bath with clilute 
hydrochloric acid (36 ml.; 2 N) for two hours and the solution cooled and filtered 
through a column of IR-4B resin. I t  was then concentrated to a thin sirup, 
evaporated on the steam bath with a solution of 2,5-dichlorophenylhyclrazine 
(4 gm.) in methanol (40 ml.), and set aside overnight. The solid which separated 
was washed with ether and water and crystallized from aqueous ethanol to give 
the pure hydrazone as colorless plates (1.4 gm.), m.p. 137-138". (Found: C, 
42.49; H, 4.76; CI, 20.60. ClzHl~OsN2C12 requires C, 42.49; H ,  4.76; C1,20.91%.) 

/,,/t-Di(C-hydroxyrnethyC)-D-threose (IX) 
A portion of the 2,5-dichlorophenylhyclrazone (0.9 gm.; m.p. 137-138") was 

treated with benzaldehyde as described above to give the free sugar as a color- 
less, viscous sirup (0.47 gm.) -60.12" (c,  4.7 in water). Found: aldose 
equivalent, 204, required 180. From this the rotation of the anhydrous sugar is 
[or]g.L68.20. The sugar gave a gelatinous yellow osazone when it was warmed 
with phenylhydrazine acetate for 15 min. and the resulting solution was cooled; 
m.p. of the dried material 109-111" (uncorr.). 
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THE SILVER CATALYZED OXIDATION OF ETHYLENE 
11. KINETICS O F  C2Ha OXIDATION' 

ABSTRACT 

A flow-type apparatus is described and results given for the investigation of 
the kinetics of the silver catalyzed oxidation of C2H4 b): oxygen. Using N? as 
diluent, the concentrations of both O2 and C?H4 were vaned independently from 
9.9 to 79.0% and 2.35 to 9.40% respectively, whilst maintaining a total pressure 
of 1 atmosphere. Flow rates were varied to give a range of contact times varying 
from 0.05 to 1 sec. Measurements were made a t  234" C. and 274" C. aiid the data 
used to  estimate initial reaction velocities for both EtO and Con formation as a 
function of O2 and C2H4 partial pressures. These rates were fitted successfully 
to equations deduced theoretically in Part  IV of the present series. 

INTRODUCTION 

The development of a catalytic process for the direct oxidation of C2H4 to  
ethylene oxide (EtO) was undertaken in these laboratories several years ago. 
In spite of the extensive work of Twigg (12) and others it was thus considered 
important to verify and extend the investigation of the kinetics and proposed 
mechanism of the reactions concerned. Comprehensive surveys of the work 
in this field have been presented recently by Pokrovskii (8) ancl Schultze and 
Theile (10). 

The catalyst developed by Cambron and McICim (3) was used coupled 
with their principles of reactor design (5) whereby excellent temperature 
control could be maintained, especially where the highly exothermic COz 
formation is involved. This catalyst was sufficiently active to permit its con- 
venient adaptation to a flow system with contact times less than one second. 
Burgoyne and K a p u r  (2) have reported tha t  E tO  undergoes about 30% 
homogeneous oxidation in one hour a t  300' C. I t  is questionable, therefore, 
whether static systems involving long contact times can give reliable infor- 
mation for the study of the kinetics of heterogeneous C2H4 oxidation. 

This paper presents the results of investigations employing wide variations 
of O2 and CzH4 partial pressures with N p  as diluent in a flow system maintained 
throughout a t  1 atmosphere. Procedure was adopted according to the findings 
in Part  I of this series, whereby all measurements were made for the catalyst 
maintained in the same reference state of activity. 

APPARATUS 

Cylinder gases, 0 2 ,  Nz, and C2H4 were used throughout with purities specified 
in Part I. Two-stage reducing valves followed by series needle valves ensured 
very constant flow rates measured by capillary flow meters carefully calibrated 
and having an accuracy of f 1%. These could be adjusted and left without 
attention for periods up to 24 hr. 

1 AJanuscript received lVovember 5, 1953. 
Contr ibt~t ion f rom the Divis ion of Appl ied Chemistry, Notional Research Coz~tzcil of 

Ca;zada. Issued as  N.R.C. No. 5226. 
2 National Research Co~inc i l  Postdoctorate Fellow, 1951-53. 
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The  catalyst (3) was prepared by ~ r i n d i n g  a Ag-Ca alloy containirlg 8.5 wt. 
% Ca and pressing the granules (-20 + 100 mesh) on to pure Ag sheets of 
1 mm. thicltness. The con~pacted sheets were then steamed for five hours a t  
350' C. and subsequently boiled for two hours in 20 vol. % aqueous acetic acid. 

GAS 
INLET 

FIG. 1. Diagram of reactor. 
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By this treatment the Ca content was reduced to 0.38 wt. % to give a highly 
porous and active catalyst. 

The reactor, made of brass and silver plated inside, shown in Fig. 1,  con- 
sisted essentially of a central core carrying circulating oil as the heat transfer 
mecliuln and of a shell machined to lit very closely. Catalyst strips or fins are 
mounted radially in 18 longitudinal grooves cut 0.15 cm. deep in the core 
surface. Each fin shown as  the shaded area in the cross section A-A was 
2.8 cm. long X 0.75 cm. wide. The free space between each fin was retluced 
by fillers on the core, shown as the black arcas in the cross section A-A. The 
lower and extreme upper portion of the core carried siinilarly mounted pure 
Ag fins (cross-shaded area in the side elevation) which sel-vccl' respectively to 
preheat the reaction mixture and preserve flow symmetry a t  the end of the 
catalyst zone. The free cross-sectional area for gas flow comprised 36 rcc- 
tangular elements each 6.0 X 0.5 mm., equivalent to a total area of 1.1 cm?. 
The reaction zone free voluine was 3.1 cm3. Pressure drop through the reactor 
was negligible a t  the maximum flow rate of 170 liters/hr., amounting to 
approximately 8 mm. H?O. The geometric area of the exposed catalyst surface 
was 60.5 c n ~ . ~ ,  whereas on the basis of B.E.T. area ineasureinents on a similar 
catalyst sample, the actual area would be approximately six square meters, 
assuming a total of 12 gm. of granular catalyst compacted on the fins. 

One fin was cut near the end, nornlal to the core axis and the short fin 
thereby produced was firmly peened into the groove. A chromel-alumel 
thermocouple was previously silver-soldered to this isolated fin. In this wa17 
only a small fraction of the total catalyst was damaged by the heat necessary 
during soldering. Though the catalyst surface temperature was not ineasura- 
ble, the location of the couple was adequate for the determination of a reference 
temperature level. 

The thermocouple insulated by ceramic sections passed through a long 
narrow copper tube to a seal of neoprene tubing made leakproof by a strong 
clamp on the bare thermocouple wires. The reactor and oil lines were grounded 
and well insulated by a thick layer of magnesia cement. 

The rapidly circulating heat transfer oil (total vol. 500 cc.) was pumped 
and heated externally, partially by intermittent heat input supplied through 
a Bristol controller, activated by a thermocouple immersed in the oil. The 
temperature of the catalyst was measured using a Wheelco model 311 potentio- 
meter and recorded continuously. I t  was maintained constant within ~ t 0 . 5 "  C. 
over periods of 24 hr. without attention. 

In the absence of catalyst no reaction products could be found under 
operating conditions. 

The  variations of feed flow rate from 10 to  200 liters N.T.P./hour, which 
were used, corresponded approximately to contact tinles of 1 to 0.05 sec.; 
linear velocities, 2.5 to 50 cm./sec.; Reynolds numbers, 1 to 20. The flow was 
thus always laminar. 

Gas Analysis 
Fig. 2 shows the assembly used for gas analysis. Samples varying from 

70 to 1000 ~ m . ~  were drawn, a t  a rate slower than the feed flow rate, into the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ORZECHOR'SKI A N D  AIacCORMACK: O X I D A T I O N  O F  E T H Y L E N E .  II  419 

gas burette, M I ,  and, after measuring pressure ancl temperature the volume 
was read within 0.5 cm3. The gas was then forced through the sintered glass 
bubblers I and I1 connected in series. Sintered glass was of coarse grade 
giving very nurnerous and fine bubbles. Bubbler I contained 10 cc. of 0.05 N 
I-ICI-MgCI? solution (1, 4, 6) for E tO absorption, while I1 contained 5 cc. of 
0.1 N NaOH for COz absorption. These solutions were pipettecl into A and 
forced in by air from rubber bulb B1. 

After gas absorption the excess reagent was back-titrated with reagents of 
appropriate normality contained in rnicroburettes. 

I t  was shown during blank tests on mixtures of known co~nposition within 
the experimental range that the I1 bubbler was efficient for complete ab- 
sorption of COz, that no acid vapors were carried on from I to 11, but  approxi- 
mately 2y0 of E tO  could escape absorption in 0.05 N HCI-MgC12 reagent, 
with a maximum 3y0 of COz being lost by solution in I ,  especially wit11 this 
low concentration of reagent used. In spite of this systematic error, i t  mas 
essential to the maintenance of accuracy a t  low conversions to employ this 
low reagent concentration. No correction was applied for this systematic error. 

Gas lines were purged by means of air  from the rubber bulb B2 and thorough 
rinsing was carried out via A-A aided by an air stream from B1 and BS In 
the case of simultaneous CzH4 determination following the bubblers the re- 
maining gas passed through a trap, D, immersed in liquid 0 2  where C2H4 was 
retained in a small volume of about 10 cc. The content of this trap was subse- 
quently quantitatively transferred by mercury from d l 2  (returned by siphon- 
ing) to  the gas burette M3 and thence to a Burwell-Orsat type apparatus for 
C2H4 determination. The efficiency of this procedure was tested using samples 
containing 1 4 %  C2H4 in Nz which showed that  a t  least 96% of the C2H4 could 
be determined. 

The outgas from the reactor was inildly heated to  avoid condensation prior 
to sampling. 

In the case of gas samples containing H20 in excess of the saturation value 
a t  room temperature, a correction was applied to  the measured volume to 

TABLE I 
MATERIAL BALANCE BY ANALYSIS 

-- 
I I I 

% C2H4 converted 

T o  EtO unconverted 
- 700% 

16.35 
17.7 
17.7, 
17.7 
15.25 
32.1 

Mean deviation -3.0 

19.2 
19.35 
22.9 
22.8 
27.1 
35.9 

I 

63.1 
57.8 
55.7 
56.2 
55.0 
32.6 

98.65 
94.85 
96.35 
96.7 
97.35 

100.6 

-1.35 
-5.15 
-3.65 
-3.3 
-2.65 
t-0.6 
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allow for the water condensed in the sarnpling burette. Dry air was added 
after volu~netric measurements were complete, to vaporize the condensate 
which could retain some ethylene oxide. Since the amount of Hz0 is equivalent 
to the CO? produced, the former is accurately known for correction purposes. 

Table I indicates the accuracy with which complete determination of the 
reaction products could be achieved. The mean deviation of -3Y0 fro~ll the 
ideal 100Yo appears to indicate a systematic error very likely attributable to 
the incomplete absorption of EtO and CzHi in the reagents used and the 
probable loss of some COz in bubbler I. 

Gas flow rates and titration procedure are each accurate within 5 1 % .  
Accordingly, the expected accidental error in the final CzI& conversion values 
is approximately *2Yo of the absolute values. 

RESULTS 

C2H4 oxidation was investigated a t  274" C. and 234" C., two or three 
measurements being made after a period of constant operating conditions 
lasting approximately 24 hr. Reproducibility was within the limits of the 
foregoing estimated accuracy as is illustrated in Figs. 1 and 2, Part I .  The rapid 
equilibria referred to in Part I were well established in this time with no 
significant onset of interference by slow processes within the range of compo- 
sition studied. The latter processes are less significant with decreasing tempera- 
ture, but may become appreciable when oxygen deficient mixtures are used. 

The conlposition of the gas mixture entering the reactor and its flow rate 
are expressed by symbols pE,,O,,,, where 9 refers to the flow rate, n to C211, 
partial pressure, m to oxygen partial pressure. 

Chosen purely for convenience, the unit of total flow rate p is 41.8 liters 
N.T.P./hour, the unit of ethylene partial pressure n is 17.9 mm. Hg, the unit 
of oxygen partial pressure m is 75 mm. Hg. 

The catalyst quantity, constant throughout, is taken as unity. 
The reaction time co-ordinate is defined as: catalyst quantity/gas mixture 

feed flow rate. For example, 0.5Ez0? refers to a feed flow rate of 20.9 liters 
N.T.P./hour, the partial pressures in the feed, a t  total pressure of 1 atm. 
being CzH4, 35.8 mm. Hg; Oz, 150 mm. Hg; the remainder, N? and the reaction 
time co-ordinate is 2.0. 

1.  Runs at 274" C. 
Preliminary conditioning had been carried out at 234" C. along with an 

investigation of the slow processes described in Part I .  At 27.1" C. treatment 
involving the standard check run (IEzOz) approximating a 20: 1 air-CzH, 
mixture, was followed by the kinetic series lasting about 900 hr. The depend- 
ence of C2H4 conversion on flow rate and partial pressures of CzH4 and 0 2  are 
shown in Table 11. 

All the data are corrected to the reference state finally established a t  the 
end of the series (run 49) by the procedure described later. Experimental 
values measured for the check run conditions a t  various times through the 
series are given a t  the end of this table and indicate a slight decline in total 
catalyst activity up to run 26. 
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T A B L E  I1 
CONVERSION OF CpH4 4 T  274O C .  

(TOTAL PRESSURE = 1 ATM.)  

Run No. 

5 
3 
1 
2 
4 

11 
13 
9 
7, 10 
8 

12 

17 
15 
14, 18 
16 
19 

24 
2 1 
23 
22 
25 

29 
27 
28 
30 
31 

37 
36 
32 
33 
34 
35 

38 
39 
40 
41 
42 
43 

Clzecks of 

6 
20 
26 
41 
47 
48 
49 

The 
permanent decrease of selectivity* indicated by check run 44. (Twofold and 

* Selectivity = % C2H4 converted to EtO/total % C2H4 converted. 

Feed compo- 
sition symbol 

E f h  

EaO4 

E g 9  

Ef?d 

6 

El01 

E;?I 

El04 

I( _ 

1 

E:OI 

standard 

E?? 
6 ,  

6 

6 

final kinetic 

Reaction time 
co-ordinate 

0.25 
0.50 
1 .OO 
2.00 
4.00 

0.167 
0.25 
0.50 
1 . 0 0  
2.00 
4.00 

0.25 
0.50 
1.00 
2.00 
4.00 

0.25 
0.50 
1 .OO 

-2.00 
4.00 

0.20 
0.50 
1 .OO 
2.00 
4.00 

0.125 
0.250 
0.50 
1 .OO 
2.00 
4.00 

0.167 
0.250 
0.50 
1 .OO 
2.00 
4.00 

run-EzOz 

1.00 
1 .OO 
1.00 
1 .OO 
1 .OO 
1.00 
1.00 

runs 38-43, 

Selec- 
tivity, 

% 

52.8 
52.0 
51.3 
49.1 
44.3 

51.7 . 
51.3 
50.6 
50.6 
46.8 
42.0 

52.0 
52.2 
51.5 
51.0 
47.2 

52.5 
51.5 
50.9 
49.7 
45.3 

51.7 
51.1 
49.7 
47.1 
39.4 

50.0 
50.0 
48.8 
46.7 
40.4 
32.9 

49.6 
49.3 
49.4 
46.8 
43.5 
35.2 

52.0 
50.5 
52.6 
47.8 
49.0 
50.7 
51.3 

E4O1, 

yo 02-converted 
1 otal 

--- 
12.78 
20.47 
28.36 
34.21 
39.76 

6.07 
7.99 

11.81 
15.70 
19.10 
21.05 

17.7 
28.7 
43.8 
56.2 
64.0 

12.29 
18.72 
26.05 
32.14 
37.79 

13.26 
22.89 
29.91 
34.70 
38.47 

2.92 
4.80 
6.74 
8 .71  

10.26 
11.23 

19.66 
26.60 
42.61 
61.71 
72.00 
80.47 

After EzOe 
After EiOa 
After Ed04 
After El01 
After Ed01 
After E@L 
After Ed01 

resulted in almost 

I L?, CzH4 
- 

C&O 

17.0 
26.4 
35.6 
40.5 
39.0 

15.4 
20.0 
29 .O 
38.5 
41 .O 
38.0 

11.4 
18.6 
27.6 
35.0 
35.0 

16.0 
23.6 
32.2 
38.0 
38.4 

16.8 
28.5 
35.6 
37.7 
31.5 

14.0 
23.0 
31 . O  
37.2 
35.0 
28.5 

5 . 8  
7 .8  

12.5 
16.6 
17.2 
14.0 

38.0 
36.8 
36.7 
32.8 
33.5 
35.3 
35.6 

using the 

converted to: 

CO? 

15.2 
24.3 
33.9 
41 . O  
49.0 

14.4 
19.0 
28.2 
37.5 
46.6 
52.5 

10.5 
17.0 
26.0 
33.5 
39.0 

14.5 
22.2 
31 . O  
38.5 
46.4 

15.7 
27.1 
35.8 
42.1 
48.4 

14.0 
23.0 
32.5 
42.5 
51.' 
58.0 

5 .9  
8 . 0  

12.8 
18.8 
22.3 
25.8 

35.0 
36.0 
33.0 
35.9 
35.0 
34.4 
33.9 

composition 
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sixfold increase in flow rate using standard EzOz feed gave sirnilarll- abnormal 
selectivity a t  this moment: runs 45 and 46 (not shown).) 

Attempts were made to  restore the original standard selectivity following 
E d 0 1  runs. Fifty hours operation a t  1E202 (274' C.) showed slight improve- 
ment (run 47) but equally effective was a six hour pretreatment by air 
(274" C.)-run 48, and further 50 hr. of operation a t  1E202 (run 49). 

For the purpose of studying the kinetics, some reference state for the 
surface had to be chosen. I t  should be recalled that the initial and final check 
runs (run G and 49) do not differ ~ n u c h  respecting selectivity; on the other 
hand the total activity declines up to  check run 26 and then remains constant; 
this is most liltely a t t r~butable  to slight over-all sintering of the surface during 
the first kinetic runs, with subsequent stabilization of the catalyst. Therefore 
the apparently more stable final state (run 49) was chosen as the reference 
s ta te  for the surface ancl all cxpcri~nental values were then corrected on the 
basis of the relation between this final standard run and the check runs made 
immediately following each compos~tion group. 

Figs. 3 and 4 show CzH4 conversions to E tO ancl C01 respectively as  a function 
of the reaction time co-ordinate defined above. 

Several analyses for acetaldehyde in the products were made, especially 
during the runs for EaOl, which are likely to constitute the most favorable 
conditions for its formation; none was ever detected though the method 
(see Part  111) was checked for its sensitivity to  quantities which would account 
for 0.17' conversion of C2H4 to acetaldehyde. 

2. Runs at 234' C. 

A further conditioning period a t  234" C. with the standard flow rate and 
composition (1EzOn) followed the kinetic series a t  274" C. Measurements 
were made over a period of 100 hr. to ensure that a steady state had been 

50 

40 

30 

9 
W 

P 
2 2 0  
t = 
W 
> 
Z 0 

** '," lo 

* 

0 
1.0 2 0  3.0 4.0 

R E A C T I O N  TIME C O O R D I N A T E  

FIG. 3. Conveision of C2H4 to EtO a t  274' C. vs. reaction time for different feed compo- 
sitions. 
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I 

1.0 2.0 3.0 4D 

REACTION TIME COORDINATE 

FIG. 4.. Conversion of C2Hd to COs and HZ0 a t  274" C. vs. reaction time for different 
composl tlons. 

feed 

achieved. The experi~nental results measured a t  234' C. over a total period of 
approximately 1200 hr. are presented in Table 111 and plotted in Figs. 5 
and 6. 

Frequent checks of the reference conditions are included in this table and 
indicate no departure fro111 the standard state until the oxygen-deficient runs 
E4O1 were made. All subsequent check runs were indicative in general of 
higher conversion to COz and lower conversion to EtO than were the previous 
standards. This behavior is similar to that observed a t  274' C. and again 
responded slightly to oxygen treatment (cf. runs 19 and 18). Further recovery 
was effected by operating with composition El08 (check run 23). Prolonged 
operation under stantlard conditions followi~lg E40e runs effected some restora- 
tion of selectivity (cf. runs 27 and 28). The standard reference state of the 
catalyst adopted here is that of run No. 13. 

3. Corrections of Results for Changed Reference State 

( a )  Corrections at 274' C. 
The experimental conversions E202 established during runs 1-5 were 

plotted against reaction time co-ordinate. The conversions of 1Ez02 chosen 
as referellce state (run 49) corresponded on this plot to a reaction titne co- 
ordinate only about 0.8 instead of 1. Therefore it was assumed that about 20% 
of the surface was lost by sintering during the kinetic series, and the reference 
plot EzOz for the final state of the surface, corresponding to run 49 was estab- 
lished by increasing the reaction titne co-ordinate of the experimental con- 
versions in runs 1-5 by a factor of 1/0.8. 

In this way the corrected conversions of Ez02 (runs 1-5 in Table 11) were 
obtained and were considered to be the reference plot for the other check runs. 

Subsequently the other results were corrected by comparing the conversions 
of check runs tnade after each composition group with this reference plot 
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TABLE 111 
CONVERSION OF C2H1 AT 234' C. 

(TOTAL PRES5URE = 1 ATM.) 

I I I I I _ = =  
% C?Hr cor~verted to: 

Selectivity, Checks 
C~HIO ( C01 1 % I *  

":pl 

E202 

El01 

El02 

El01 

E p  

Ed01 

EzO? 

E2Oz 

E!Os 

E,Os 

E2On 

ErOs 

E p  

B. Erpe~ inzcn ta l  values corrected 

above. For instance the check run 44 following the composition group E40r 
shows a change in conversions relative to  the reference plot of EzOz corre- 
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I 

0 0.25 0.50 0.75 1.00 
REACTION T l M E  COORDINATE 

Conversion of C?H4 to EtO a t  234O C. vs. reaction time for different feed':compositions. 

0 0.25 0.50 0.7 5 LOO 

REACTION TIME COChQOlNATE 
FIG. 6.  Conversion of C2H4 to CO2 and H20 a t  234" C, vs. reaction time for different feed 

con~positions. 
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sponding approximately to a 10% increase in reaction time respecting C 0 2  
and a 10% decrease in reaction time respecting EtO. The  catalyst behaves as 
if its surface had been increased for COz production and decreased for E i 0  
production. 

The  correction procedure applied to the E401 group therefore involved 
correction of the 1-eactioil time co-ordinate bj7 a factor which increased it 
respecting C o n  productioil and decreased it respecting EtO productioil, the 
magnitude of the factor being determined by the relative increase ancl decrease 
of the time co-ordinates for the standard check conversions iminediaiely 
following these runs. 

( b )  Corrections at 234O C. 
Since no sintering was observed, the reference plot for the standard E20z 

composition versus reaction time co-ordinate was chosen using the experi- 
mentally observed conversions (runs 13-15). Correctioils similar to those 
explained for run E40 ,  a t  274" C. were applied here to  the da ta  on compo- 
sitions: E4O1, EIOa, and L O U ,  since these were investigated during or after 
the irreparable inhibition caused by composition E4o1. 

4. Initial Reaction Rates 
The rate of reaction may be calculated a t  a given contact time from the 

plots of CnH4 conversion versus reaction time co-ordinate. This rate, r ,  is 
expressed by the relation, 

where 
x = fractional C21-14 conversion to a given product, 

M = catalyst amount (constant throughout; assumed unity as  described 
earlier), 

FE = C2H4 feed flow rate (arbitrary units described previously), 
F = mixture feed flow rate in the same units, 

V E  = vol. or mole fraction of C2H.L in feed mixture. 

TABLE IV 
INITIAL RATE ( y o )  OF ETHYLENE OXIDE FORMATION 

* The arbitrary unit used is: 41.8 liters (N.T.P.)/hourfor the constunt amount of catalyst used. 

Feed 
composition 

symbol 

EIOl 
El04 
El08 
E202 
Ego4 
El01 
El02 
E404 
El08 

Feed gas volurne 
fraction 

* 
= [ d X / d $ l o v ~  

VE 
234" C. 

234" C. 

-- 

Vo 
274" C. 

274" C. 

0.0235 
0.0235 
0.0235 
0.0471 
0.0471 
0.0942 
0.0942 
0.0942 
0.0942 

Exp. Calc. Exp. Calc. 

0.0988 
0.395 
0.790 
0.198 
0.395 
0.0988 
0.198 
0.395 
0.790 

0.00706 
0.0108 
0.0127 
0.0122 
- 

0.0103 
- 

0.0198 
0.0245 

0.30 
0.46 
0.54 
0.26 
- 

0.11 
- 

0.21 
0.26 

0.0072 
0.0112 
0.0124 
0.0125 
0.0158 
0.0100 
0.0150 
0.0199 
0.0238 

0.95 
1.25 
- 

0.87 
1.02 
0.40 
0.55 
0.74 
- 

0.0223 
0.0204 
- 

0.0410 
0.0476 
0.0377 
0.0518 
0.0697 
- 

0.0229 
0.0307 
0.0326 
0.0411 
0.0486 
0.0387 
0.0543 
0.0682 
0.0784 
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The rate, r ,  is thus expressed in the arbitrary units of 41.8 liters (N.T.P.) 
of per hour for the constant amount of catalyst employed. The  
initial reaction rates, ro ,  have been obtained by extrapolation of the data  to 
zero conversion and time; for E tO formatioll these are presented in Table IV. 
Initial rates of reaction may be s i l n p l ~ ~  expressed in terms of the partial 
pressures of C2H4 and 0 2  only, since reaction products may be assumed absent 
a t  this stage. The results could not be fitted to  an equation of the type, 

ro = k~aE P: 
nor in general to  the equation, 

T O  = k.f(p~>.f '(Po> 
where f is a function only of p,, and f '  a function only of Po: 

In  Part  IV which deals with the proposed reaction mechanism, reasons will 
be given which led, on the basis of the known adsorption behavior of Oz and 

O2 PARTIAL PRESSURE(mm. Hg)  

Initial rate of EtO formation a t  274' C. as a function of reactant partial presslires. 
Points 1, 2, 3; rates calculated for the gas co~npositions used by Shen-Wu Wan. 
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0 100 200 300 4 0 0  500 600 

O p  PARTIAL PRESSURE (mm . H g )  

PIG. 8. Initial rate of EtO formation a t  234- C. as a function of reactant partial pressures. 
Points 1, 2, 3; rates calculated for the gas compositions used by Shen-Wu Wan. 

CZH4 to the developn~ent of a rate equation of the type, 

b 

The constants were calculated from the experimental data for EtO formation 
by the method of least mean squares. With ro expressed in the above units 
and p r t i a l  pressures in mm. of Hg, these are as follouls: 

Temperature k a b 
274" C. 0.200 86 225 
234" C. 0.048 45 240 

The applicability of these equations over the whole range of pressures 
employed may be judged by the close agreement between experimental and 
calculated values of the rate shown in Table IV, and in Figs. 7 and 8. The 
solid lines of the latter are calculated according to these equations. 
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* The unit is: 41.8 liters (N.T.P.)/hour for the co?tstant amoz~nt of catalyst zcsed i n  N.R.C. 
reactor. 

(a )  Culculated for 234" C. 
(b) Culcz~luted for 274" C. 

TABLE V 
COMPARISON OF SHEN-WU WAN EXPERIMENTAL DATA WITH VALUES OBTAINED 

USING THE PROPOSED EQUATION FOR THE REACTION VELOCITY 

Substantial confirmation of the form of the equation is provided by the 
da ta  of Shen-Wu Wan (9). These data include C2H4 conce~ltrations higher 
than those employed in this work by a factor of about ten. Table V presents 
a conlparison of the rate of E tO  formation calculated on the basis of the above 
equation with the rates measured by Shen-Wu Wan. Since i t  would be un- 
liltely that  similar activity per unit mass of Ag exists in each work, 110 

attempt to convert to similar rate units is made. However, the ratio of the 
rates should be constant, as was found to  be the case. The  numerical difference 
between the two sets of ratio values given in Table V arises because ratio 
(a) involves Shen-Wu Wan's data a t  230" C. and present data  a t  234" C., 
and ratio (b) involves comparison of the respective data a t  260" C. and 274" C. 

The  constant k is very temperature sensitive but  the form of the dependence 
is not definitely known. I t  can be shown, however, assuming that  In k is 
proportional to  reciprocal absolute temperature, that isothermal rate ratios 
are constant and independent of temperature. Since the constants a and b are 
not very dependent on temperature this procedure is justified. 

Figs. 7 and 8 include the rates calculated for the present reactor for feed 
co~llpositions employed by Shen-Wu Wan (points 1, 2, and 3) and the limiting 
curve (broken line) for infinite CzH4 partial pressure. Similar qualitative 
curves are obviously obtained for rates plotted as  a function of CzH4 partial 
pressure with O2 pressure constant. 

Temp. 

DISCUSSION 

In general it may be concluded that the present work confirms the observa- 
tions made by Twigg (12) that  there are two main sin~ultaneous reactions, 
namely, CzH4 oxidation to E tO  and also to COz and Hz0 and,  in addition, a 
consecutive reaction for EtO oxidation. The  maximum occurring in the con- 

Feed 
composition, 

vol. Oj, 
Rate (r )  calc. for 
N.R.C. reactor 

(units of this paper*) 
r / R  

-- 
0.0152 1 0.0182 (a)  
0.0206 

0.0646 

0.0865 

0.00127 
0.00151 
0.00171 

0.00386 
0.00457 
0.00518 

Partial 
pressures 
feed gas, 
~ n m .  Hg 

C2H4 0 2  C2H4 0 2  

11.95 
12.03 
12.03 

16.75 
16.75 
16.70 

Shen-Wu Wan: 
Initial rate ( R )  
EtO formation 

(gm. mol./hr. gm. 

230" C. 

260" C. 

85 
80 
75 

85 
80 
75 

15 
20 
25 

15 
20 
25 

645 
607 
570 

645 
607 
570 

114 
152 
190 

114 
152 
190 
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version to EtO arises when the rate of EtO formation becomes equal to its 
rate of oxidation. The data do not support the belief expressed recently ( l l ) ,  
and kindly drawn to  our attention by Dr. N.  Thon, that all COe is formed by 
consecutive oxidation of EtO. Selectivity a t  zero conversion appears to 
approach values appreciably different from 1007'0, the latter being of necessity 
expected if the initial rate of COz formation approached zero. Observed values 
lie between 5 0 4 2 %  a t  274" C. and 60-64% a t  234" C. Furthermore, the rate 
of EtO oxidation, reported in Part 111, was found too low to account for all 
the COz produced during C2H4 oxidation. I t  is also noteworthy that the data 
of Shen-Wu Wan (9) a t  extremely low C2H4 conversio~l (0.2 to 2%) inclicates 
a constant selectivity of about 60%. 

In contrast to the data reported by Twigg (12) C2H4 conversiorl to CO? was 
not approximately linear with time. In consequence, selectivity did not vary 
greatly with reaction time up to the maximum in conversion to EtO. As 
mentioned earlier declining selectivity could be due to homogeneous EtO 
oxidation (2) likely to occur under static conditio~ls where reaction times of 
several minutes rather than fractions of a second are used. I t  will be noted 
also that selectivity a t  zero conversion or time appears to be independent of 
the reactant composition. This leads to the conclusion that each of the 
parallel reactions is initiated by the same kind of reaction step with similar 
rate dependence on reactant concentrations. The initial rates of formation 
of COz can be shown to be about 95% and 60% of the rates of EtO formation 
a t  274" C. and 234" C., respectively. 

No attempt has been made a t  this stage to interpret the rapidly declining 
rate with increasing time on a basis such as inhibition by reaction products. 
The primary object of this work has been to provide information concerning 
the reaction mechanism which will be described in Part  IV. 

The present results are consistent with those of R'Zurray (7) respecting the 
influence of reactant partial pressures. With respect to the influence of total 
pressure, reference to Fig. 7 of that publication shows similar qualitative trends 
to those observed a t  reaction time co-ordinate 2 for runs EIO1, E?02, and E1O4 
where the total pressure of the reactants varies as 1 : 2:  4. 

The  present investigation may also be of value in determining optiinunl 
operating conditions for the production of EtO by direct oxidation of C2H4; 
The following suininary shows the influence of conditions on reaction behavior 
a t  274" C. 
I. Influence of Po,, a t  constant Pc,H. 

(a )  Low Pc,H. 
High rate of conversion, increasing with Po, The maximum conversion to 

E ~ O  is obtained more rapidly with increasing Po,. However, large Oz excess 
can possibly result in a slight decrease of the maximum EtO value, by virtue 
of increased EtO combustion. 

( b )  High Pc.H, 
Low rate of conversion and low maximum conversion to EtO both increasing 

a t  first largely, then inore slowly, with increasing Po,. However, the maxiinuin 
is attained a t  shorter contact time with decreasing Po,. 
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11. Influence of pc2,, a t  constant Po ,  

(a )  Low PO, 
Large decrease of conversion rate and of the value of the EtO maximum with 

increasing PC,H.. The time required to attain maxinluin conversion to E tO 
does not seem to vary. 

(b)  High P o ,  
Decrease of conversion rate and increase of the time required to  attain 

maximum conversion t o  EtO with increasing PC,H,. The value of the EtO 
maximum increases with p,,,', a t  least within a certain range. 
111. Influence of total pressure; po2/p,,,, = const. 

The conversion rate decreases and the time required to  attain ~ n a x i ~ n r ~ m  
conversion to  EtO increases slightly with total pressure. However, the value 
of the EtO maximum increases with pressure a t  least within a certain range. 

By virtue of this complex behavior it cannot be said clefinitely that  high 
Po, and low PCIHI are to  be chosen for optimum EtO production. For instance, 
a high EtO maximum can be obtained relatively quickly with the feed &04, 
where C2H4 content was average respkcting the range investigated. 

The  proposed reaction mechanism will be presented in a later publication 
(Part IV) where the present results will be compared with those on EtO 
oxidation. 
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THE SILVER CATALYZED OXIDATION OF ETHYLENE 
111. KINETICS OF ETHYLENE OXIDE OXIDATION' 

ABSTRACT 

A flow type apparatus was used for kinetic studies of the  silver catalyzed 
oxidation of ethylene oxide (EtO) by oxygen a t  274'C. Using N2 as diluent the 
concentrations of 0 2  and ethylene oxide were varied independently frorn 9.9 t o  
79y0 and 2.35 to  9.4y0 respectively while a total pressure of 1 atmosphere was 
maintained. Flow rates were varied to  give a range of contact times varying 
frorn 0.06 t o  0.25 sec. I t  was shown that  EtO is oxidized without previous 
dissociation into CpHl and 0 2 .  The dependence of the initial rate of oxidation 
of EtO- on reactant concentrations excludes isomerization of EtO (to acetalde- 
hyde) as  a main step in its oxidation, and a direct oxidation mechanism is 
suggested. The results of a few experiments to  determine the extent of iso- 
merization of EtO t o  acetaldehyde in the absence of oxygen are presented. No 
steady state could be achieved but the results may be used semiquantitatively 
t o  support the  belief that isomerization is not the rate determining step in the 
oxidation of ethylene oxide. 

INTRODUCTION 

In order to further the establishment of a reaction mechanism for the 
oxidation of CzH4 on a silver catalyst, Parts I and I1 of this series are here 
supplemeilted by a study of the oxidation of ethylene oxide (EtO) and its 
isomerization on the same catalyst sample. 

EXPERIMENTAL 

The  apparatus, catalyst sample, and determination of reaction products 
have been described in Part 11. The source of the gases used and their purity 
was specified in Part I. 

Flow rates of EtO were controlled by a two-stage reducing valve followed 
by three needle valves in series. Mild infrared heating of the cylinder head and 
reducer ensured constancy of flow with downstream pressure of about 7 
P.S.I.G. A dual range orifice meter was used (1-5 and 5-20 liters/hr.) filled 
with Apiezon-B oil, and having a scale graduation accurate to 0.5%. This was 
calibrated by mixing the EtO with a Nz stream of known Row rate to cover a 
range of composition from 1.5 to 10% EtO. Samples were drawn into a gas 
burette and the EtO content determined within 1% of the true value employ- 
ing previously described techniques. 

T o  determine acetaldehyde samples were measured into a mercury burette 
and then forced through a sintered glass bubbler containing a solution of 
hydroxylamine hydrochloride.* The HC1 liberated by the equivalent amount 
of aldehyde was titrated with NaOH from microburettes. Checks on the 
efficiency of this method were made by vaporizing pure liquid acetaldehyde 

Manuscript received November 5 ,  1953. 
Contribution from tlze Division of Applied Clzenzistry, National Research Council, Ottawa. 

Issued as N.R.C. No. 3830. 
National Rcsearclz Council Postdoclorate Fellow, 1951-53. 

*Seven grants of ATH20H.HCl was dissolved i?z 100 cc. of water. For eaclz determi~zatio~z 0.1 cc. 
of this reagent was  diluted with 10 cc. H?O, a drop of bromoplzenol blzle solz~t io?~ added, and litrated 
with 0.005 N N a O H  to llze jirst blz~e color, before absorption of aldehyde. 
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ORZECHOWSKI AND &facCGRMACK: OXIDATION OF ETHYLENE. III 433 

into a mercury burette. After nleasuring the pressure, volume, and tempera- 
ture of the sample, Nz was added to give 0.1% CH3CHO by volume. The 
estimation of hydroxylamine l~ydrochloride accounted for a t  least 75y0 of the 
aldehyde present. 

Polarographic n~easurements, kindly made by Dr. R. J. Cvetanovid, 
showed that the aldehyde found in the products of EtO isomerization was 
acetaldehyde. 

As described in Parts I and 11, the catalyst was conditioned with respect 
to CzH4 oxidation a t  the working temperatures, and kinetic runs a t  274' and 
234°C. were made. Subsequently the investigation on EtO was started. I t  was 
realized (Part I)  that the catalyst conditioned by ethylene oxidation was in a 
very unsteady state with respect to EtO oxidation. On the other hand, as soon 
as runs of the latter reaction were made, the catalyst tended to be conditioned 
by thein and behaved, then, inhibited with respect to ethylene oxidation. 
An explanation of these phenomena is offered in Part I .  

As was the case during the studyof ethylene oxidation, the obtaining of 
reproducible results would therefore appear to necessitate catalyst condition- 
ing a t  the given reaction temperature with a standard gas mixture having 
average composition respecting the range employed. Runs of short duration 
were made, followed by the standard mixture. In this way frequent checks 
of the catalyst's activity and the maintenance of its reference state were 
achieved. 

The symbols for feed composition are similar to those used previously 
except that instead of E (ethylene) symbol X (ethylene oxide) is used. The 
arbitrary unit of gas mixture flow rate is 41.8 liters (N.T.P.)/hour. The symbol 
[pXnOn] means 41.8 liters (N.T.P.)/hour of feed gas mixture having 
composition 2.35 n% CZHIO; 9.90 m% 0 2 ,  the remainder being Nz a t  a total 
pressure of 1 atmosphere. 

The standard feed for the purpose of conditioning and checking was 
1 . x20? .  

In the preliminary stages of the work, seven measurements were made to 
check the material balance of reactants and products (EtO and COz). Three 
of thein iilcluded CzH4 determination. At a later stage analyses for acetalde- 
hyde were made frequently, particularly for the composition X401, but 
always with negative result. 

Ethylene was determined as described in Part 11. The method did not allow 
detection of less than 0.1-0.2 cc. (N.T.P.) as was shown by blank runs. The  
results with lXzOz and 4X202, using gas samples of 250-500 cc. showed that  
the conversion of EtO to C2H4, if any, was below 1%. 

The over-all balance was found to be between 97 and 101%* (without 
counting the possibility of slight C2H4 formation). 

Therefore all conversions were determined directly by COz analysis instead 
of indirect determination by EtO analysis. 

*There i s  some indication Lhut during the firs1 40 min. afler admission of 1x202 to the catalyst 
preconditioned by C2H4 oxidalion, the balance of E10, COz, and possibly C2H4 is  only abot~t 90%. 
Tlze data are not sz(ficient to explain or cottfir?tt this behauior. 
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Kinetic 
run 
No. 

-- 

1 a 
Ib 
1c 

2a 
2b 

- 
- 

- 
- 

3a 
3b 

- 
- 

4a 
4b 

5a 
5b 

Ga 
Gb 

- 
- 

7a 
7b 
7c 

8a 
8b 

9a 
9b 

- 
- 
- 
-- 

- 
- 
- 

- 
-- 

- 

I l a  
l l b  

12 

*TIze apparatns 
lob. 

TABLE I 

Standard 
check 
No. - 
- 
- 
- 

A 

- 

l a  
Ib* 

2a 
2b 

- 
- 

3a 
3b 

- 
- 

- 
A 

- 
A 

l a  
4b 

- 
- 
- 
- 
- 

- 
- 

5a 
5b 
5c 
5d 
5e 
5f 
5g* 

6a 
6b 
6c 

- 
- 

- 

G I L C G ~  Ib,  5g, and 

O X ~ D . ~ T I O N  

Feed 
composition 

symbol 

1 x 1 0 1  
1 x 1 0 1  
lX l01  

2 x 1 0 1  
2x101 

1x202 
1x202 

1x202 
lX?Oz 

1x104  
1x104 

1X?01 
1X?02 

2x104  
2x104 

1 x 1 0 s  
lX10a  

2x10s 
2x10s 

1x202 
1x202 

1X.,04 
1x404 
1x404 

2x404 
2x104 

4x404 
4x404 

1X202 
I x202 
1x202 
1x202 
1x202 
1x202 
1x202 

1X202 
1x202 
1x202 

2 X 2 0 2  
2x202 

4x202 

was closed down 

OF ETIIYLENE O X I D E  AT 274°C. 

Time 
operated 

(hr.) 

0.65 
1.65 
2.80 

0 .65 
1.40 

0.60 
1.20 

1.25 
3 .35 

0.65 
2.00 

0 .65  
17.00 

0 .65  
2.00 

1 .OO 
1.75 

0 .65  
1.35 

0 .65  
17.00 

0 .65 
1.35 
2.00 

0.65 
I .35 

0.65 
2.00 

0.65 
18.00 
18.75 
19.25 
20.00 
20.75 
22.00 

1.50 
3.65 

20.50 

0.65 
1.35 

0.65 

(cooling to room tentp. 

I .,??to 
C02 

10.7 
10.3 
10.2 

6.27 
6.35 

9.00 
9.30 

8.86 
8.65 

12.85 
12.85 

9.46 
9.00 

8 .12 
8.30 

13.30 
13.05 

7 .22 
7.40 

9.50 
8.95 

7.92 
8.25 
8.39 

4.51 
4.42 

2.84 
2.74 

8.95 
9.46 
8.70 
8.86 
8.66 
8 .92 
8.86 

9.70 
8.41 
8.70 

5.30 
5.34 

3 .04 

i n  N2 stream) after 
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Icinetic 
run 
No. 

T A B L E  I (Co~zclz~ded) 

I I 
Feed 

composition 
symbol 

4x101 

*The apparatzrs was closed dow?~ (coo!ing to room temp. in Nz stream) after check l b ,  5g, u?zd 
1 Ob. 

-- 

RESULTS 

1. Oxidation Kinetics at Constant Temperature 

The influence of feed composition and ROW rate was studied after overnight 
stabilization of the catalyst using mixture lXzOz in all cases. 

Table I shows the results of kinetic runs and of the frequent checks for the 
standard lXzOz  feed. Operation times are included in this table. 

All checks for l X z 0 2  indicated 8.5-9.5% conversioil to CO? and hence the 
surface was assumed to be in the same reference state. One exception was the 
check run 1 X 2 0 ?  made after studying the composition X401, where CO2 
conversion of 1X202 was found as  high as 11.5% during the fir-st few hours. 

Standard 
check 
No. 

- - - 
- 
- 

- 

i a  
7 b  

- 

- 
- 

8a 
86 

- 
- 
- 
- 
- 

9a 
9b 

- 

- 

- 
- 

- 

10a 
1 Ob* 

110 
l l b  

Time 
operated 

(hr.1 

0.65 

7% 
EtO to  

- 
CO* 

- 
4.25 
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Hence the values for X401 are corrected to the normal reference state. This 
behavior of oxygen deficient feed is very similar to the behavior observed 
with similar ethylene-oxygen compositions. (Compare feed E d 0 1  in Parts I 
and 11.) 

Coilversions versus reaction time co-ordinate for different feed compositions 
are plotted in Fig. 1. 

025 0.50 0.75 

REACTION TIME COORDINATE 

FIG. 1. Conversion of EtO to CO? and H20 a t  274'C. vs. reaction time for different feed 
compositions. 

The initial rate of reaction is given by 

where Vz = volunle fraction of EtO in the feed, 
x = fraction of E tO  converted to CO2 and H20, 
M = catalyst quantity (assigned unity and constant throughout), 
F = flow rate of feed gas mixture in previously defined arbitrary 

units, 
r = rate of reaction in the same units with M = 1. 

Suffix (I means conditions a t  zero reaction time when M/F = 0. 
The initial rates are shown by the points on Fig. 2. 
In Part IV, which deals with reaction mechanisn~, the reasons will be presen- 

ted which led to a rate equation of the form 
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where Px = EtO partial pressure 
P o  = 0 2  partial pressure 
A ,  B, C are constants. 

'The constants were found by the method of least mean squares to give 

(Partial pressures are expressed in mm. Hg.) 
Fig. 2 includes as solid lines the values of rates calculated according to the 

above equation showing good agreement between experimental and calculated 
data. 

O2 PARTIAL PRESSURE (mm. Hg 

FIG. 2. Initial rate of COnrH20 formati011 frorn EtO a t  274°C. as  a fu~~ct ion of reactant 
partial pressures. 

I t  is noteworthy that the eqt~ation obtained is very similar to the one 
derived for CzH4 oxidation (Part 11), except for the constant A. 

2. Oxidation Temperature Dependence 
A few measurements were made shortly after the temperature was chang-ed, 

and are presented in Table II.  (Times necessary for heating or cooling to the 
required temperature were usually in the order of half an hour.) These are not 
the steady values which would have been obtained after very prolonged opera- 
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TABLE I1 
TE~IPERATURE DEPENDENCE 

OXIDATION OF ETHYLENE OXIDE (FEED 1x202) 
I I I 

T,  "C. 1 Time operated Sample No. 1 at T0C. (hr.) 

tion where slow processes have changed the nature of the catalyst (compare 
Part I). Therefore they indicate more correctly the dependence of kinetics 
on temperature. Checks a t  274OC. after operating a t  other temperatures 
included in Table I1 prove indeed that the reference state of the surface has 
been maintained throughout. 

3. Isomerization to Acetaldehyde 
Immediately following the kinetic runs for EtO oxidation, the investigation 

of EtO isomerization a t  274OC. was begun by feeding only EtO and N?. All 
data  are presented in Table 111. 

In Expt. 3, after 2.25 hr. operation, a check was made for the presence of 
C2H4 in the outgas. This, if any, corresponded to less than 0.6yo conversion of 
EtO. The over-all balance of EtO was also within the limits of experimental 
error. 

In view of the absence of CrH4, the formation of COz seems surprising. 
If the oxygen were supplied by deco~nposition of EtO, according to: 

5 CzH40 --t 5 C2H4 + 2.5 0 2  

CsH40 + 2.5 0 2  + 2 CO2 + 2 H20 

then for each mole of EtO converted to COz, there would be 5 moles of EtO 
converted to C2Ha. The conversion to COz being of the order of 2y0, this 
would result in conversion to C2H4 of the order of 10yo, which is not the case. 
Also, the adsorption capacity of the catalyst is far too small to  account for 
the missing C2H4. 

I t  is therefore concluded that the Nz enlployed contained srnall amounts of 
oxygen which are responsible for COz formation; 0.2-0.5yo of 0 2  in nitrogen 
might be sufficient quantitatively, based on the kinetics of EtO oxidation. 
The conversion to C 0 2  increases with decreasing EtO pressure (compare 
Expts. 6 and 8 in Table 111) which also collforms to the kinetics of EtO 
oxidation but is not paralleled by the behavior of isomerization in the same 
experiments. 
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Flow 
composition 

syrnbol 

TABLE 111 
ISOMERIZATION 01: ETHYLENE OXIDE TO ACETALDEHYDE -- 

After 58 lzr. (1E202) 
I I I I I 

Time 
operated 

(hr.1 

0.40 
0.85 
1.50 

- -- 
DISCUSSION 

1. Oxidation 
Twigg (1) reported that  EtO is oxidized 011 silver catalyst, but there is 

little i~lfornlation concer~li~lg the kinetics of this reaction. Also there are 

Expt. No. 

i 
i 
1 

% EtO converted 

T o  
CHxCHO 

- 
2 
2 
2 

To 
CO? I Total 

- 
- 
- 

- 
- 
- 
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insufficient data relating to rate of C2H4 formation, especially a t  small reaction 
times. 

There were, a priori, three possibilities: 
1. EtO is oxidized without previous dissociation into CzH4 and 0 2 .  
2. EtO is decomposed into C2H4 and OZ* followed by oxiclation of CzH4, 

with no EtO being oxidizecl directly. 
3. EtO unclergoes sin~ultaneous direct oxidation and dissociation to Oz  

and C2H.I, the latter being subject to further oxidation. 
The present data  substantiate statement (1) for the main reaction step, 

since CZH4 did not occur in detectable quantities in the products. 
The dependence of oxidation rate on the reactant partial pressures excludes 

isomerization of EtO on the Ag surface as  a main step in its oxidation, because 
there is no reason for isomerization to increase with oxygen pressure. Instead, 
it is suggested that one of the following mechanisms is responsible for the 
formation of intermediates, which are then capable of undergoing rapid 
oxidation. 

(a) Reaction between EtO and an oxygen adatorn, adsorbed side by side. 
(b) Collision of a gaseous EtO molecule with an oxjrgen adatom. 

In accordance with this (see discussion below) the rate of EtO isomerization 
to acetaldehyde is shown to be substantially lower than the rate of EtO 
oxidation. 

A private communication from industrial sources claimed that the rate of 
EtO oxidation passes through maximum a t  260°C. This would imply that 
mechanism (a )  may be valid where EtO desorption rates become comparable 
with oxidation rates a t  approximately 260°C. 

We were unable to observe such an effect (Table 11) and therefore believe 
that the mechanism (b) cannot be excluded. 

The present data may be compared with those for CzH4 oxidation (Part 11). 
I t  transpires that the same factors favorable to high conversions of ethylene 
to EtO in the initial stages of the reaction are also operative for the conversion 
of EtO to COz. Those factors are: large oxygen partial pressure and low oxygen 
acceptor pressure. Therefore a high p o , / p c , H 4  ratio does not necessarily 
represent the best operating conditions for EtO production as was pointed out 
previously (Part 11). 

The present data  may be helpful in attempting to correlate the reaction 
rate data for the over-all CzH4 oxidation as a function of contact time. 

Before this can be done, however, more data are needed for the influence of 
COz and HzO. Also the effect of the initial composition ratio P ~ , H ~ / P ~ , ~ ~ ~  

should be investigated, which could be followed experimentally by using 
carbon-labelled EtO. This method would provide further evidence for the 
formulation of a reaction mechanism. 

2 .  Isomerization 
The quantitative interpretation of the isomerization process is unfortu- 

nately obscured by the presence of oxygen traces in the diluent Nz and influenced 
*Titis was actually found to occztr by Twigg ( 1 )  ulhen EtO i s  adnzitled to orygelz free silver i n  a 

static system. 
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adversely by the difficulty of estimating low concentrations of acetalclellyde 
in the products. Furtl~ernlore, the conversion level is not steady. Higher 
conversions to acetaldehyde (about 2%) are obtained immediately after 
pretreatment by EtO oxidation (Expts. 1 and 3, Table 111) or by C2H4 oxida- 
tion (Expt. 11). Further, the isornerization decreases with operating time. 
This confuses tlie interpretation of data but might indicate the formation of a 
surface deposit. I t  will be noted that the standard oxidation of ethylene. oxide 
(Expt. 10) gives higher than normal values: 13.4% instead of 9%, when made 
immediately after the series of isomerization runs. The same is true if  CzH4 
oxidation is run after isomerization: initially, abnornlally high conversio~l~ 
both to COs and to EtO are obtained as described in Part I. 'The adsorptioll 
capacity of the catalyst used (about 1 cc. N.T.P.) seems too small to exp la i~~  
this excess conversion only on the basis of a deposit which burns on contact 
with 0 2 .  

This behavior could be explained if we assume that feeding EtO wit11 
practically no oxygen is effective as follows: 

(a )  stably sorbed oxygen, inhibiting the reaction (see Part I) is removed; 
(b) the surface is slowly covered by acetaldehyde residues. 

When oxygen is admitted later, together with CzH4 or EtO, the acetalde- 
hyde residues are burned off in~n~ediately. Tlle fixation of oxygen in stable 
positions and the formation of oxidation residues (see Part I )  being slow, the 
rate of oxidation during the first few hours will be greater than normal on this 
cleaned surface. 

Notwithstanding the complications clue to the unsteady level of isomeriza- 
tion and to the presence of oxygen, it appears that  iso~nerization increases 
with increasing EtO pressure (comparing Expts. 3, 4 ,  and 5 ;  6 ancl 8; 8 and 9). 
This is expected since the rate of isomerization will be proportional to the 
fraction of Ag surface covered by adsorbed EtO, and this must increase with 
its pressure. 

As was pointed out in the discussion of EtO oxidation, the kinetics of this 
reaction do not confornl to the'hypothesis that  isomerization to acetaldehyde 
is the rate determining stage during oxidation. T o  support the independent 
direct oxidation of EtO as the maill path of COz formation it  should be 
possible to show that isomerization of EtO to acetaldehyde is slower than the 
oxidation of EtO under comparable conditions. 

Experiments 2 and 3 in Table I11 show that  initial conversion to acetalde- 
hyde is 2.1Yo against about 9% conversion to Con, when oxygen is present. 
Thus, less than 25Y0 of EtO oxidized undergoes isomerization. Moreover the 
conditions of Expts. 2 and 3 are not strictly comparable because in the latter 
case, the available free Ag surface is increased in the absence of oxygen, and 
consequently measured values for isomerization could be actually higher than 
those which occur during oxidation. 

The COz conversions shown in Table I11 can be attributed without difficulty 
to the direct oxidation of EtO by traces of oxygen. On the other hand, if it is 
assumed that all COz shown in Table I11 arises by prior isomerizatioll followed 
by oxidation due to traces of oxygen, the highest isonlerization values would be 
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3.6% (Expt. 11). This would still account for only 4070 of the EtO which is 
oxidized uncler conlparable conditions. 
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THE SILVER CATALYZED OXIDATION OF ETHYLENE 
IV. REACTION MECHANISM1 

ABSTRACT 

A reaction mechanism for the silver catalyzed oxidation of C~FII by oxygen has 
been formulated which is consistent with kinetic data for this system. I t  is SLIX- 
gested that both ethylene oxide and CO; formation involve interaction of single 
gaseous C?HI molec~~les with single oxygen adatoms. This may be a system of two 
parallel reactions of different activation energy requirements or a co.~nrnon ini- 
tiation step to form adsorbed ethylene oxide which may then desorb irn~nediately 
or isomerize to acetaldehyde followed by rapid oxidation to COI and H?O. 
Account is taken of the known adsorption characteristics of 01 on silver to  deduce 
expressions for initial rates of ethylene oxide and Cot  formation as a function of 
reactant partial pressures. The generalized form of the equation is r = k ( l  + 
a / p E  + 6/po)-l, where k, a ,  and b are temperature dependent constants and pE 
and Po are partial pressures of ethylene and of oxygen respectively. 

A mechanism is also suggested for the heterogeneous osidation of ethylene 
oxide which involves interaction between a gas phase ethylene oxide niolec~~le and 
a single oxygen adatom to form an intermediate (probably formaldehyde) which 
is rapidly oxidized to COs and HrO. A similar expression to that above for the 
initial oxidation rate is deduced. These expressions have been htted successf~~lly 
to experimental data. 

The experimental data presented in the previous parts (1-111) of this series 
of p~~blications have been used to formulate a consistent reaction mechanism 
for ethylene oxidation on silver. I t  was shown in Part I1 that only two parallel 
reactions can account for the production of ethylene oxide (EtO) on the one 
hand (rate, rl), and CO2 and H20 on the other (rate, r2) from CzHI and oxygen. 
Initially these exist alone but are accompanied during the course of the reaction 
bjr a slow consecutive oxidation of EtO. Though the inajor part of COz for- 
mation arises from-C2H4, this does not exclude the possibility that adsorbed 
EtO (as opposed to desorbed EtO) formed by CzH4 adsorption on an oxygen 
adatoin, is the intermediate in the so-called direct oxidation of C2H4 to Con 
and H20.  This point will be expanded later. 

Further, the initial selectivity given by the expression r,/(rl + 7.2) appears 
to be dependent only on temperature and not on reactant composition provicled 
the same catalyst reference state is carefulljr maintained as described in the 
earlier parts of this series. Consequently, the two primary reactions show the 
same initial rate dependence on reactant concentrations and may well proceed 
through the same type of, if not a common reaction step. This is in contrast to 
the opinioil expressed by Twigg (5) who proposed two dissimilar steps, 

C2H4 (gas) 4- 0 (ads.) --, C2H40, 
C2H4 (gas) + 20 (ads.) --, C 0 2  + H 2 0  (via short-lived intermediates). 

In considering data for the initial stages of the reactions the influence of 
products may be neglected. The known adsorption characteristics of the 

Manuscript received 1Vovember 5. 1953. 
Confribution from Division of Applied Chemistry, ~Valional  Researclz Council, Ottawa, 

Canada. Isszted as N.R.C. No. 3227. 
1Vational Research Council Posfdoctorate Fellow, 1951-53. 
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reactants suggest that the initial reaction step involves impact of gaseous 
C2H4 with adsorbed oxygen. I t  is proposed that only single adatoms of the 
latter are involved, according to the reaction scheme presented below. 

A*, B*, and C* are activated complexes with k, 1, and i, the velocity constants 
of the various rate determining steps. Y is isomeric with EtO and is very rapidly 
oxidizecl to C02 and H2O. In several respects, this scheme is similar to that 
proposed by Twigg. The direct oxidation to EtO follows the path klk with his 
observed reverse reaction k'kl'. In agreement with the present work (Part 111) 
EtO was found to isomerize to  CH3.CH0 in the absence of 0 2  which is re- 
presented by the path k'il and Y would thus be identified as CH,. CHO. 

I t  follows then that one possible path for the direct production of CO2 from 
C2H4 is through adsorbed EtO (k,il) in contrast with any postulation concern- 
ing separate deep oxidation of C2H4 by its reaction with either single or paired 
O2 adatoms. However, since the present evidence does not allow differentiation 
between identical and similar primary steps for the formation of both EtO and 
C02, it is also necessary to introduce the other possible step (111) by which the 
same isomer Y can be formed with different activation energy requirements. 
In both cases, however, only single oxygen adatoms are proposed. 

Although some acetaldehyde is formed via k'il when EtO is placed in contact 
with Ag, it was shown in Part I11 that this reaction cannot be considered the 
rate determining step in the oxidation of EtO. Another independent reaction 
was proposed which involved either (a) surface reaction between adsorbed 
EtO and an oxygen adatom, or (b) reaction between gaseous EtO and an oxy- 
gen adatom. If the latter nlechanisnl be correct, its influence on the kinetics of 
C2H4 oxidation need not be considered under conditions where the gas phase 
concentration of EtO nlay be neglected. If, however, mechanisin (a) were valid, 
its bearing on the interpretation of the kinetics of C2H4 oxidation becomes 
important depending on the fraction of surface ( 6 )  covered by adsorbed EtO, 
(1) during C2H4 oxidation ( ~ ~ j  and (2) during EtO oxidation (€2). 

This may now be considered in relation to the path by which the major part 
of Co t  is produced during C2H4 oxidation. I t  will be recalled that under conl- 
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parable conditions the conversion of C2Hl to COz is greater* than the conver- 
sion of EtO to COz. Allowing el << ez which would occur for k1 << k t ,  the C2H4 
oxidation mechanism by isomerization of adsorbed EtO (path i) would not 
account for the greater COz production. Therefore the independent path I, has 
to  be introduced to  account for the major COz producing reaction. Thiswould 
.be equally necessary if mechanism (a) above were valid in the oxidation of EtO. 

Assuming the alternative case of el >> ez where kl >> k t ,  deep oxidation of 
'CzH4 to COz via the isomerization path i could account for the major part of 
the COz produced and step Ll would be unnecessary. In this case EtO oxidation 
by mechanism (a) must be excluded for otherwise the initial selectivity during 
C2H4 oxidation would show a dependence on reactant concentration. 

The above may be summarized as follows: 
el << e2; oxidation of C2H4, step lI necessary; oxidation of EtO, mechanism 

(a) or (b) valid. 
E, >> e2; oxidation of CzH4, step I ,  unnecessary; oxidation of EtO, mechan- 

ism (a) excluded. 

Oxygen Adsorption 

One of the chief difficulties in the mathematical interpretation of the 
mechanism of C2H4 oxidation lies in assessing the part played by oxygen 
adsorption. 

At temperatures within the range studied during the present work it is 
known (1) that the adsorption is extremely rapid, decreasing very quickly 
with extent of surface coverage. Desorption is extremely slow and may thus be 
neglected in estimating the surface coverage during the oxidation of C2H4. 
Since CzH4 adsorption on Ag can be neglected (5), oxygen adsorption is 
obviously prerequisite to reactions with CZHI. 

Information concerning the adsorption of O2 on a similar silver catalyst 
has been communicated privately by Drs. E. L. Tollefson and W. Smeltzer. 
Rates were measured between 200 and 300°C. a t  constant pressures ranging 
from 200 to 700 mm. Hg. In every case the surface attains a t  least 50% of its 
equilibrium coverage corresponding to given values of pressure and tem-- 
perature in less than 0.1 min. and over this region the rate of adsorption appears; 
to be directly proportional to the pressure. The lnaximuln amount of 0,. 
sorbed by a 50 gm. sample was 5.4 cc. (N.T.P.) a t  200°C. and 700 mm. Hg.. 
After deduction of 0.7 cc. which according to the data of Steacie and Johnson! 
(3) could dissolve in Ag under these conditions, there remains a minimum value. 
of 4.7 cc. for 0 2  adsorption when 8 ,  the fractional surface coverage, becomes; 

* I n  Part I ,  dealing with slow processes, it  was shown that quantitative replacement of CzHi, 
undergoing oxidation (35% conversion to C 0 2 )  by EtO i?avolved a n  initial decline to about 6-10%. 
conversion lo CO?, then passage through a maximum of 17% a n d j k a l l y  a stable level of 9% (Fig. 5 ) .  
The immediate return to C&4 oxidation showed a n  initial conversion to COI of only 10% (Fig. 3). 
slowly increasing to the previous level of 35%. Thzis a change from C?H4 to EtO oxidation indicates 
higher rates of CO? production for the former, whereas a change i n  the opposite direction shows 
similar rates at least initially. I n  no case i s  the rate of CO? formation greater for EtO than for 
C2H4 oxidation. The  possible explanation of these effects i s  that EtO adntilted after CzH4 irndergoes 
oxidation mainly via the isomerization step. The slow development of surface residzies cazrses a 
decline i n  the part played by this tnechanisnt relative to that of the direct oxidation step described. 
Consequently, the return to C2H4 oxidation on the poisoned surface shows. e. corre.s$ondingly low, 
conversion to CO?, slowly increasing zuith the removal of surface residues. 
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unity. In all cases, cluring the first 0.1 rnin., the clerivecl values of e are less 
than 0.65. At 0.2 min. the rate falls to less than 0.03 of the average rate during 
the first 0.1 min., followed by further rapid decline. I t  is reasoilable to infer 
that initial rates a t  very low coverage will be very fast. 

Comparing the above aclsorption sample ~vith the catalyst sample used in 
the present work (12 gm.) and assuming the same surface properties, calculation 
shows that the 0 2  adsorption rate during the catalyzed C2H4 oxidation is rather 
greater than the average rate estimated from the Tollefson-Smeltzer data up 
to -9 = 0.65. For example, by interpolation and extrapolation of the latter 
results a t  75 mnl. Hg and 234°C. the average 0 2  adsorption rate during the 
first 0.1 min. is 3.5 cc./min. (for 12 gm.). The 0 2  adsorption rate deduced from 
C2Hi oxidation data a t  the same temperature and 0 2  pressure and with C2Hj 
partial pressure = 72 mm. Hg, is 7 to 25 cc./min. (for 12 gm.) depending on 
the selectivity and mechanism of the direct oxidation to COP. Therefore, cluring 
the catalyzed oxidation of C2H4 it can be inferred that the Ag surface is quite 
sparsely covered by 02. 

Although the dependence of aclsorption rate on coverage below 0 = 0.3 
is too fast to be measured accurately a t  temperatures in the order of 250°C., 
the data of Tollefson and Smeltzer as well as  an extrapolation of Benton and 
Drake's data (1) indicate the possibility of large decrease of aclsorption rate 
with increasing 0 even for 0 < 0.3. 

Taylor and Thon (4) have recently shown that in many cases adsorption 
rates obey the equation dq/dt = where p is the amount adsorbed in 
time, t, with b constant and a ,  a function of the pressure. This is substantiated 
by recent measurements of Porter and Tompkins (2). In addition it is also 
possible to fit the data of Benton and Drake (I)  to an equatioil of this type, 
one valid for the approximate range 0.3 < 0 < 0.5, another for the range 
0.5 < 0 < 0.7. In each range a is directly proportional to the oxygen pressure. 

A series expansion of the Taylor-Thon equation, using 0 in place of q and 
retaining only the first two terms gives 
[I1 do/& = jpo(l - me) 
where a = jpo ( j  = const.) and b = m. 

SURFACE COVERAGE BY REACTING SPECIES 

Considering C2H4 oxidation under initial conditions of reaction, let 
Po, p, = the partial pressures of 0 2  and C2H4 respectively, 

e = fraction of catalyst surface covered by 0 2  atoms, 
a = fraction of this 0 2  layer covered by C2H4 adsorbed in any form, 
/3 = fraction of C2H4 adsorbed on the 0 2  layer which can be identified 

as EtO adsorbed on Ag. 
The velocity constants are used according to  the foregoing reaction scheme. 

I. Steady State Balance of EtO in the Adsorbed Phase 
A t  the steady state the formatioil rate of adsorbed EtO by reaction between 

C2H4 and O2 adatoms and by reverse isomerization of Y will be balanced by its 
removal by desorption, by decomposition into C2H4 and O2 adatoms, and by 
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isomerization to Y. This may be expressed 
k,p,(l - a)B + i'aB(1 - P )  = kaBP + kl'aBP + iaBP 

or, 
PI klp,(l - a )  = a&(k + kl' + i + i') - i']. 

I I .  Steady State Balance of Y i n  the Adsorbed Phase 

By argument similar to that above, 
l l p E ( l  - a)0 + iaBP = IaB(1 - P )  + lI 'aB(l - P )  + i'aB(1 - P )  

or, 
[31 l l pE( l  - a )  = a [ ( 1  - P ) ( Z  + 111 + i + il) - i]. . 

Dividing equation [ I ]  by equation [2] 
/3 = a function on117 of the velocity constants, 

= constant a t  constant temperature. 
Therefore each of the expressions contained by square brackets in equations 
[2]  and [3] is constant. 
[41 :. a j ( l  - a )  = APE or a = A P E / ( 1  + A P E )  

where A is a constant a t  constant temperature. 

I I I .  Steady State Balance of O2 Atoms in the Adsorbed Phase 

At the steady state, the rate of formation of oxygen adato~ns both by Oz 
adsorption and by decomposition of adsorbed isomers of EtO with reconstitu- 
tion of ethylene will be balanced by removal of 0 2  adatoms as a result of CzH4 
adsorption 011 these atoms and the possible heterogeneous oxidation of gaseous 
Y. Consecutive oxidation of Y is known to be very much more rapid than that 
of gaseous EtO as no Y can be detected in the gas phase. 

Neglecting the rate of desorption of O2 and writing the adsorption rate 
according to equation [ I ] ,  we have, 
[5] j po ( l  - m0) + [kl'P + L'(1 - P)Iae = ( k ~  + l l ) P ~ ( l  - a10 + nlaO(1 - p) 
where n is the number of O2 adatoms used in the heterogeneous oxidation of 
one ~nolecule of Y. With 0 < n < 5 ,  equation [5] gives, 

Now, the rate of formation of EtO ( r l )  is given by, 

171 rl = ~ L V B P  
and the rate of formation of Cot ,  (r?) is given by, 

[81 r2 = zae(l - p). 
Combining equations [ 4 ] ,  [B], and [7] ,  we have, 

where B = (kl + & ) / A  + nl (1  - P )  - [kl'B + l1'(1 - P ) ]  
= constant a t  constant temperature. 
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Inspection of equations [7] and [8] indicates that r2 may be represented by 
an expression similar to equation [9] except that the numerator will be 
l(1 - P)/m instead of kp/m. 

As was demonstrated in Part I1 of this series, the dependence of initial 
reaction rates on reactant partial pressures obeyed the relationship derived in 
equation [9], which lends support to the over-all reaction mechanism proposed. 

I t  is now possible to discuss further the consistency of equation [I] with 
respect to the experimental data and the adsorption concepts offered. Equation 
[6] lnay be written in the form, 

froill which values of me may be computed knowing a by equation [4], the 
over-all constants A and B/jm being given by fitting equation [9] to the 
experimental rate data. The following table shows the calculated range of 
values of me. 

Tenlp., I Po, 1 PE, I 
"C. mm. Hg mm. I-Ig mil 

0.88 max. 
0.34 min. 

275 0.88 mar;. 
0.43 min. 

The range of variation of m0 = 0.34 to 0.88 so that m should be a t  least in 
the order of 3. In this case 0 would vary from about 0.1 to 0.3. Lower values 
of m would broaden the range of 8 too greatly to permit Llse of the approximate 
equation [I]. These values of 0 are also consistent with values inferred and 
discussed earlier respecting the extent of 0 2  adsorption. 

The proposed mechanism may apply equally well to homogeneous and hetero- 
geneous catalyst surface. I11 the latter case one of the several crystal planes 
could be preponderantly active for one type of reaction (e.g., klk or I d ) .  
Selective poisoning, referred to in Part I, may be attributed to preferential 
poisoning of one or other of these planes or to the establishment of impurity 
centers with consequent influence on the activation energies of the several 
reaction paths. The latter would be the only possible explanation of these 
effects in the case of a homogeneous surface. 

APPENDIX 

Suggested Mechanism for the Heterogeneous Oxidation of EtO 

With reference to the previously written reaction scheme, it is assumed that 
.K' << k implying that the fraction of catalyst surface covered by adsorbed EtO 
ma). be neglected during EtO oxidation. I t  is suggested that the reaction occurs 
by impact of gaseous EtO with an adsorbed oxygen atom, according to the 
following scheme. 
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.c 
S ,  

I \ 

EtO (g) + 0 - Ag--f [DL!' ---+ 0'1 \:0----Ag 
\A,,, 

Rapid oxidation -+ 
to CO, + 4 X f [D 21* 

Heavy arrows indicate the relatively slow rate determining steps with rate 
constant sl and s for the formation of intermediate activated coinplexes [Dl]* 
and [D2]* respectively. The resulting intermediate X (which could be formal- 
dehyde) is rapidly oxidized by either heterogeneous or homogeneous steps. 

Let 0 = fraction of catalyst surface covered by adsorbed oxygen, 
4 = fraction of e covered by EtO adsorbed on oxygen, 

Po, PX = the partial pressures of 0 2  and EtO respectively. 

1. Steady State Balance of EtO Adsorbed on Oxygen 

The rate of adsorption of EtO on the oxygen layer is balanced by the rate 
.of its reaction. The rate of evaporation is omitted for simplicity as its inclusion 
will not change the form a t  any of the subsequent matheinatical expressions. 

slpxe(1 - 4J) = se4J 
Hence, 
:[I :I.] 4J = sSx/(s + s1Px). 

2. Steady State Balance of O2 in the Adsorbed Phase 

The rate of adsorption of oxygen adatoms is balanced by their rate of removal 
due  to EtO adsorption on the oxygen layer and to heterogeneous oxidation of 
X. If n is the number of oxygen adatoms required for the oxidation of X, the 
following relation exists, 

T h e  rate of removal by reactioil of EtO is given by, 

which in conjunction with equations [ll.] ancl [12] becomes 

This type of equation has been found to account satisfactorily for experimental 
values of the initial rate of EtO oxidation (see Part I I I ) ,  which is support for 
the proposed mechanism. Nevertheless, as was indicated earlier, the mechanism 
involving surface reaction between adsorbed EtO and oxygen adatoms cannot 
be regarded as impossible. However, mathematical treatment of this system 
becomes exceedingly complex. 
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I t  is interesting to compare the values of 0 for CzH4 and EtO oxidation. 
Values of me can be calculated as for C2H4 oxidation, using equatioils [ I l l ,  [12], 
and [13]. Equations [9] and [13] can be seen to have the same form. The over- 
all constants (see equation [ 2 ] ,  Part 11, and equation [2], Part 111) of the 
denominators were found to have very similar ilumerical values a t  274OC. This 
means that for 
1141 PE = Px, and (p0)1 = (PO),, 

(me), = (me), 

where subscripts and refer to  C2H4 and EtO oxidation respectively 
Hence either 

[I51 m1 = m2 and = B2 
or, 
[16l ml/mz = ez/el with ml # m2. 

In developing an equation for the rate of 0 2  .adsorption it will be recalled 
that a large decrease of the rate with increasing 0 was assumed, and m = con- 
stant was an approximation valid to account for the rate dependence on e only 
over narrow ranges of 8. If B1 is very different from Bz equation [16] will apply. 

The rate of reaction and therefore the rate of oxygen adsorption was found 
to be several times greater for CzH4 than for EtO oxidation. Hence, for 
PI.: = f i x  and for (po)l = (po)2 we have, 

From equations [14] and [17] we get, 

This result can be explained on the basis of different states of catalyst 
activity during kinetic runs for each of the reactions. I t  was found that follo\v- 
ing EtO oxidation runs, the catalyst was appreciably poisoned for C2H4 
oxidation (see Part I).  

Calculation of Integral Conversions 
A final test of any rate equation which may be developed theoretically is 

its successful comparison with experimental conversion data by substitution 
and integration of the differential reaction rate equations (e.g. Equation 1, 
Parts I1 and 111). 
Thus 

F E  

Knowing the activities of the various components of the system as a fuilction 
of M/FE,  the constants of the r function may then be tested by integration. 
The values of h: thus obtained should be comparable with experimental values. 

The theoretical development of the rate equations for both EtO production 
and its heterogeneous oxidation are based on zero time or initial reaction con- 
ditions where the inhibiting effects of reaction products may be neglected. 
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This has been stressed in the Discussion of Parts 11 and 111. For this rcasoiz it 
is not justifiable to apply these equations in the type of calculation described 
above. Numerical tests show that graphically measured differential reaction 
rates for EtO production a t  various values of the reaction time co-ordinate are 
very much lower than those calculated on the basis of the initial rate equation; 
the similarly calculated rate of EtO oxidation is too small to account for this 
difference. The maxima in conversion/time curves for EtO, occur when the rate 
of production of EtO is balanced by its oxidation rate. I t  must be assumed 
then that there is a functional dependence of EtO production rate on product 
concentration whose exact nature remains to be determined by further experi- 
mental work where products are included in the feed gas. 
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~- - 
NOTE 

THE STRUCTURE OF PROTOPINE METHIODIDE: A CORRECTION1 

The recent work of Anet, Bailey, and Robinson (1) and of Mottus, Schwarz, 
and Marion (3) has shown that interaction between a tertiary nitrogen atom 
and a suitably placed carbonyl group in a large ring can take place. One of the 
examples chosen by the latter authors was protopine (1)'which was shown to 
give salts with mineral acids by the addition of a proton to the carbonyl 
oxygen as in (11). In agreement with this it was mentioned that the metlio- 
salts contained no carbonyl band in their infrared spectra and had the new 
methyl group 011 the oxygen atom as in (111) (at least in the solid state). The 
base itself was considered as a resonance hybrid between (Ia and Ib) .  

The former authors (1) working with cryptopine (the dimethoxy analogue of 
protopine) obtained similar results as far as the structures of the base and 
ordinary salts were concerned, but found that cryptopine ~nethiodide had an 
infrared spectrum containing a carbonyl absorption band and so must have 
structure IV. 

Issued as N.R.C. No. 3222. 
2 National Research Cotincil of Canada Postdoctorale Fellow. 
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ANET AND IIARION: PROTOPINE METHZODIDE: A CORRECTION 
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In view of the close relationship of the two alkaloids this difference in 
structure of the metho-salts was contrary to  what might have been expected. 
A reinvestigation of the problem has shown that  the "protopine methiodide" 
of NIottus, Schwarz, and Marion (3) was actually protopine hydriodide whose 
infrared spectrum (which contains a strong bonded hydroxyl band) was 
identical with tha t  published for the supposed protopine methiodide. Authentic 
protopine rnethiodide has now been examined and its infrared spectrum did 
indeed show a carbonyl absorption band (Fig. 1). I t ,  like cryptopine methio- 
dide but unlike the two parent alkaloids, also gave an inunediate color with 
m-dinitrobenzene and alkali in the cold showing the presence of a reactive 
rnethylene group. 

The above findings remove the necessity for postulating equilibria of various 
forms of protopine methiodide in solution. The  structure of protopine meth- 
iodide is then (IV), which is the only form consistent with the chemical evidence 
of Perkin (4). I t  might be stated that  the negative result in the Zeisel deter- 
mination of protopine methiodide (3) is not in itself evidence against the 
methoxy structure, as the proximity of the quaternary nitrogen atom would 
hinder the addition of a proton to  the oxygen aton1 of the methoxyl group, thus 
making hydrolysis more difficult than ~lsual.  This situation indeed occurs in 
the metho-salts of N-methyl sec.pseudo-strpchnille (and almost certainly of 
those of vornicine), which were found by Anet, Bailey, and Robinson (1) t o  
have a methoxy structure, but  which are reported by Leuchs (2) to give no 
methyl iodide in the Zeisel cletermination. 

1 1 1 1 l l 1 1 1 1 1 1 1  
340 320 300 280 260 240 2 2 0 m p  

WAVELENGTH 

FIG. 2. Ultraviolet spectra in aIcohol, curve 1 ,  protopir~e; curve 2 ,  protopine methiodide; 
curve 3, protopine hydriodide. 
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Modeis of protopiile inethiodide indicate that  the carbonyl group can con- 
jugate to some extent with the adjacent benzene ring, and this is collfirmed by 
the ultraviolet spectrum (Fig. 2) as well as  by the position of the carbonpl 
band in the infrared spectrum. This band (1667 cn1.-') is a t  appreciably lower 
wave numbers than that of acetophenone (1690 cm.-') but it is close to the 
more comparable acetoveratrone (1670 an.-'). The  photographs of models of 
protopine given by Nlottus et al. (3) show that the carbonyl group is very 
much out of the plane of the benzene ring when in position for favorable 
interaction with the nitrogen atom. As the carbonyl band in protopine is a t  
1658 cm.-' it appears that  the "nitrogen bonding" can more than annul the 
shift towards higher wave numbers which would be caused by the loss of con- 
jugation due to noncoplanarity of the carbonyl group and benzene ring. 

EXPERIMENTAL 

Protopine Hydriodide 
The salt was obtained by adding potassium iodide to a solution of protopine 

in dilute hydrochloric acid. After recrystallization from water it was obtained 
as  small colorless needles which gradually became discolored on heating, were 
black a t  270°, but did not melt up to 300'. Calc. for C2"H2oO5NI: C, 49.91; 
H,  4.19; one N-CH3, 3.12%. Found: C, 50.11 ; H, 4.09; N-CH3, 3.46y0. 

Protopine Methiodide 
To  protopine dissolved in chloroforin was added a large excess of methyl 

iodide. After two days, colorless needles had separated which, after recrystal- 
lization from methanol, melted a t  213-215' (dec.). Calc. for CsrHrJ05NI: 
C, 50.93; H,  4.48; two N-CHJ, 6.07%. Found: C,  51.16; H,  4.60; N-CH,, 
5.07%. 

1. ANET, F. A. L., BAILEY, A. S., and RonlNsoN, R. Chem. and Ind. 911. 1953. 
2. LEUCHS, H. Ber. 70: 2455. 1937. 
3. MOTTUS, E. H., SCNWARZ, H., and MARIOK, L. Can. J. Chem. 31: 1114. 1953. 
4. PERKIN, W. H., JR .  J. Chem. Soc. 109: 815. 1916. 
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VOLUME 32 MAY 1954 NUMBER 5 

THE PHOTOLYSIS OF DIMETHYL MERCURY IN HEXANE 
SOLUTION AT LOW TEMPERATURES1 

ABSTRACT 

The photolysis of dirnethyl mercury in solution in n-hexane has been studied 
over the temperature range +25" C. to -80" C. The results indicate tha t  
methane is produced by a n  abstraction reaction involving the solvent, and ethane 
is produced by dimerization of methyl radicals. The mechanism of the reaction 
is discussed, and i t  is concluded tha t  the abstraction reaction involves radicals 
possessing considerable energy carried over from the photodissociation. 

A considerable number of invcstigations of the photolysis of mercury 
dimethyl have been made. The indications are that  a t  higher temperatures 
"hot" radical effects are of no importance (2, 11). At room temperature, 
however, there are indications that such effects are becoming noticeable (7). 
There are also indications of such effects in other systems a t  low tempera- 
tures (7, 8, 13, 14, 15, 17) and in the liquid state. I t  therefore seemed of 
interest to investigate the mercury dimethyl photolysis a t  low temperatures 
in solution. n-Hexane was used as a solvent because of its ready availability 
in a pure state, its low melting point, and its ease of manipulation in a vacuum 
apparatus. 

EXPERIMENTAL 

Materials 
Dimethyl mercury as supplied by Messrs. 13. I<. Lights Ltd. was dried over 

anhydrous calcium chloricle andapurified by a bulb to  bulb distillation; only 
the middle fraction was collected. The compound was thoroughly degassed 
and was stored in the dark in a glass bulb isolated by a mercury cutoff. The 
vapor pressures agreed with the values recorded by Linnett and Thonlpson (6). 
The conlpound was degassed further before each experiment. 

The n-hexane was a "Phillips Pure Hydrocarbon" stated to be 99 mole yo 
pure. It  was found, however, that in 1 cm. depths the material absorbed ca. 

1 hfanz~script received January IS ,  1954. 
Contribution front the Division of Pz~re  Chemistry, National Researclt Council, Ottawa 

Canada. Issued as N.R.C. No. 3231. 
2 Present address-Department of Cfzelentistry, U?tiz~ersity of Leeds. National Research 

Coz~ncil of Canada Postdoctorate Fellow, 1960-52. 
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70% of incident light in the region of 2300 A;  a region where pure hexane is 
transparent. I t  was purified by passing through a columil of silica gel (3) 
which removed practically all of the light absorbing impurities. The product 
obtained transmitted 99% of incident light a t  2300 A in 1 cin. depths. The  
hexane was dried over anhydrous calciun~ chloride and purified by a bulb to 
bulb distillation, the middle fraction being collected. Since relatively large 
quantities of hexane were used (ca. 1 ml. of liquid in each experiment), about 
100 ml. were stored in a reservoir containing a "cold finger" isolated by a 
mercury cutoff. The hydrocarbon was degassed by filling the cold finger with 
a freezing mixture a t  -80" C. and pumping continuously for several hours 
while allowing the hexane to reflux. 

Light Source 
Preliminary experiments using the unfiltered radiation froin a low pressure 

mercury lamp showed that mercury dimethyl in hexane solution was photo- 
lyzed a t  a convenient rate a t  rooin temperature and that  metallic mercury 
was deposited. 

Reichardt and Bonhoeffer (12) have shown that hexane is capable of dis- 
solving a significant amount of mercury and that  the saturated solutions so 
obtained absorb a considerable fraction of incident light in the region 2530- 
2650 A. Phibbs and Darwent (9) have also shown that such solutions undergo 
a photosensitized decomposition when irradiated with mercury resonance 
radiation. In order to avoid coinplicating factors due to a concomitant mercury 
photosensitized reaction, a light source was therefore used having a negligible 
intensity in the region of 2537 A. Owing to the broadening of the mercury 
resonance line in solution, a high pressure mercury arc emitting a reversed line 
a t  2537 L4 is obviously unsuitable. 

The light source finally adopted was a cadmium-neon discharge lamp, 
which had strong lines a t  2288 A and 3261 A with only weak lines in be- 
tween (10). The lamp was enclosed'in a furnace with a small additional heater 
situated near the center of the lamp. With this arrangement the central part 
of the lamp could be maintained about 15" higher than the two electrodes, 
thus preventing the distillation of cadmium to the center of the tube and so 
the obscuring of the window. The lamp was operated a t  about 280" C. with 
a current of 80 ma. from a Jefferson sign transformer. The radiation from the 
lamp was roughly colliinated by passing through a 5 cnl. quartz cell containing 
distilled water which also served to absorb infrared radiation. Spectrographic 
investigation showed that the cadmium line a t  2288 A was almost completely 
absorbed by the solutions of dimethyl mercury in hexane, but the 3261 A line 
was relatively unaffected; the unfiltered cadmium radiation was therefore 
used as a light source. The light intensity was varied by means of neutral 
density filters consisting of chrome1 deposited on quartz. 

Apparatus 
The analytical method was designed to handle samples of liquid of about 

1 ml. and so the photolyses were carried out in a quartz cell of approximately 
5 cm. diameter and 0.05 cm. in depth. The cell was provided with two outlets 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DERBYSHIRE AND STEACIE: PHOTOLYSIS  OF D I M E T H Y L  MERCURY 459 

so that after filling, it could be sealed off and removed to carry out the photo- 
lysis, after which it was resealed into the apparatus and the products liberated 
into the analytical apparatus by breaking a thin glass internal seal with a 
plunger. The solutions used contained about 1 mole % of dimethyl mercury 
and never more than 5% of the dimethyl mercury was decomposed during the 
photolysis. 

Solutions were prepared by taking known volumes of dimethyl mercury 
vapor a t  a given temperature and pressure and mixing them with a fixed 
quantity of liquid hexane (measured a t  -78' C.), after which the reagents 
were condensed into the cell and the apparatus sealed off a t  a constriction. 
NIercury cutoffs were used a t  all points in the apparatus which came into more 
than fleeting contact with the vapor of hexane and dimethyl mercury. 

The gaseous products of the reaction were found to be methane and ethane 
in a ratio of about 4: 1 in the experiments a t  25' C. The quantities of these 
gases produced were, however, quite small, e.g. about 0.1 ml. of methane and 
0.025 ml. of ethane measured a t  N.T.P., and an analytical method had to be 
devised for separating these small quantities of methane and ethane from the 
large liquid residue. I t  was found convenient to  divide the analytical pro- 
cedure into two stages, the first being the separation of methane and ethane 
from the liquid residue, and the second the resolution of the mixture of 
methane and ethane. 

After an experiment the contents of the cell were distilled into a column a t  
the top of which was a "cold finger" maintained a t  -78' C. with a freezing 
mixture. The liquid was refluxed continuously in this vesseI while the degassing 
was carried out. The combined pressure of methane and ethane above the 
solution was measured by a McLeod gauge, but since hexane has a vapor 
pressure of ca. 0.1 mm. a t  -78' C., it was necessary to insert a trap maintained 
a t  -160" C. between the refluxing liquid and the McLeod gauge in order to  
remove the hexane vapor from the methane and ethane. The two gases were 
then pumped away by a Toepler pump until the totaI pressure above the liquid 
residue was reduced to mm. and remained stationary a t  this value. 
Experiments in which known quantities of methane and ethane were taken 
and mixed with hexane showed that by this procedure these gases could be 
removed from hexane solution practically completely. With quantities of 
gases of the order found in the photolysis experiments the reproducibility was 
of the order 3-475. 

The mixtures of methane and ethane were separated by low temperature 
fractionation using a modified type of Ward still (5). Mass spectrometer 
analyses of the products showed no traces of hexane. 

Liquid Residue 

In a number of experiments the infrared spectra of the liquid contents of the 
celI were determined before and after irradiation, using a Perkin-Elmer double- 
beam spectrometer. These were identical in the region of 900 cnl.-' showing 
that detectable amounts of unsaturated hydrocarbons were not produced in 
the reaction. However, i t  would appear from the values of the extinction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



460 CANADIAN JOURN.4L OF CHEMISTRY.  VOL.  32 

coefficients for ethj-lenic hydrocarboils qiiotecl in the literature (1) tha t  this 
method may be insufficiently se~lsitive to detect the amounts of unsaturated 
hyclrocarbon expected. 

Low Temperature Photolysis 

For the irradiations a t  low temperatures, several types of apparatus Jvere 
constructed and used with varying degrees of success. 

The  first type of apparatus constructed was similar in principle to apparatus 
used in lour-temperature calorimetric work. The  thermostat consisted of an 
aluminum block suspended in a steel cylinder from a cup which also formed 
part of the lid. The apparatus was evacuated and light entered the apparatus 
through quartz windows sealed into the sides of the cylinder. The aluminuin 
block was cooled by placing a refrigerant, e.g., liquid nitrogen or carbon 
dioxide - acetone, in the steel cup, and the temperature brought to a constailt 
value by balancing the loss of heat from the block by a heater in good thermal 
contact with the aluminum block. By varying the current in the heater and 
the thermal contact between the block and the cup containing the refrigerant, 
the temperature of the block could be varied over a wide range. The  cell was 
placed in a slot cut into the side of the aluminum block and light entered the 
cell through a circular aperture cut  into the face of the thermostat. Thermal 
contact with the block was made a t  the back and sides of the cell. This type 
of apparatus was convenient to  use and experiments were conducted with the 
thermostat a t  temperatures down to -70" C. I t  was found, however, tha t  
the thermal contact between cell and thermostat was not sufficient and con- 
siderable temperature gradients existed between the cell and the alun~iilum 
block. In view of this fact, extensive experiments with this type of system were 
not carried out a t  low temperatures but the apparatus was used for experi- 
ments in the vicinity of room te~nperature. 

The  apparatus finally adopted for the low temperature experirllents was of 
a more conve~ltional type and consisted essentially of an unsilvered glass 
dewar filled with ethyl alcohol. Light was conducted into the cell through 
quartz windows of approxi~nately 3 cm. diameter sealed into the sides of the 
dewar. The alcohol used as a bath liquid was purified by  the inethod of 
Leighton (4) and had a transmission of 80% a t  2288 A in 1 cm. depths. The  
cell was placed 1 mm. or less behind the quartz wiildow and so absorption of 
light by  the alcohol was negligible. The  coolirlg of the bath liquid was carried 
out by placing a "cold finger" into the alcohol. The "cold finger" consisted 
of a glass cylinder closed a t  one end, with numerous indentations to  increase 
the surface area and containing a refrigerant such as carbon dioxide - acetone. 
The  glass cylinder was sealed into the bottom of a long silvered glass dewar 
which formed a reservoir which could be filled with solid carbon dioxide. With 
a carbon dioxide - acetone mixture in the "cold finger", the bath could be 
maintained a t  -60° f 0.5" C. For temperatures between -60" C. and O0 C. 
heat was supplied to the thermostat by a heater of chrome1 wire wound around 
the "cold finger". This type of thermostat was found to  be extremely con- 
venient for the low temperature experiments. 
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RESULTS 

Mixtures of hexane and dimethyl mercury were found to be quite stable 
when kept in the dark a t  25' C .  Irradiation of liquid hexane in the preseilce 
of mercury produced no gaseous products. 

TABLE I 
Temperature = 25" C.; Hg(CH3)Z = ca. lo-' inole; CcHlr = ca. lo-? mole 

Duration of run in hours 6  12 12 12 18 24 

CH4 produced, ml. (N.T.P.)/hr. 7 .0  7 .0  6 .9  6.9 6 .8  6 . 9  
C1H6 produced, " 1 .6  1 6  1 . 5  1 .6  1 .6  1.6 

The results given in Table I show that the rate of production of methane and 
ethane a t  25' C. is independent of time, and that  there is no induction period 
associated with the reaction. Variation of the concentration of dimethyl 
mercury had no effect on the rate of reaction. The rate of formation of methane 
and ethane remained constant a t  constant intensity when the concentration 
of dimethyl mercury was increased by a factor of four, as shown by the data 
in Table 11. 

TABLE I1 
EFFECT OF Hg(CH& CONCENTRATION 

Tem~erature  = 25" C.: C ~ H I ,  = ca. lop2 mole 

* Experiment using liquid thermostat. Volzrnze of light i n  cell approximately half that in 
other experi?nents. 

1 Hg(CH& CHI 

The effect of a 50-fold variation in light intensity on the rate of production 
of methane and ethane is given in Table 111. Relative intensities are not 
explicitly stated for most runs but may be inferred from the values of RcH,. 
At the lower light intensities the amount of ethane produced was quite small 
and its determination was therefore less accurate than in the other experiments. 
Values of the ratios RCH4/RC2H6 and R ~ ~ ~ / R & ~ ~  are given in the table and it is 
seen that the data  point clearIy to the conclusion that the former ratio is 
more nearly independent of light intensity than the latter. In a few runs, 
Nos. 5-12, the optical system and lamp were unchanged and the intensity 
was varied by interposing filters. While the results are rather scattered, they 
indicate that within the experimental error both R,,, and Rc2H6 are directly 
proportional to I. 

Table IV sumillarizes the effect of temperature on the reaction. Between 
25' C. and -80' C. the rate of productioil of ethane remains approximately 
constant whilst the rate of production of methane varies by a factor of three. 

(mole) 1 (ml. (N.T.P.)/hr.) (1111. (N.T.P.)/hr.) (hr.) Expt. --- 

C?HG Time 
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TABLE 111 
EFFECT OF INTENSITY 

Temperature = 25' C.; Hz(CH3)? = ca. lo-' mole; CtjHld = ca. mole -- 
1 I I I I I 

I ,  
relative 

RC?HI Time 
(m1 (N.T.P.)/hr.) ( R c H 4 / R c 2 H 6 1  Rcai/Rk;.. ( (hr.1 

* Experiments 1 and 2 carried 0111 by R. G. Partington. ** Experiments I S  and 14 using a 1rquid Ihermoslat. 

TABLE IV 
EFFECT OF TEMPERATURE 

Hg(CH3)2 = ca. 2 X 10-"mole; C ~ H I ~  = ca. mole 
I I I I I I 

Time Temp. R ~ ~ l  R ~ 2 ~ s  

E x ~ t .  1 (hr.) ( (' C.) 1 ( m l  (N.T.P.)/hr.) ( (ml. (N.T.F.)/hr.) 

I I 

( a ) ,  ( b ) ,  ( c ) ,  ( d )  refer to sets of experinrents with di ferent  lamps. 
I n  experznienis ( d )  the alltnzinuln thermostat was z~sed. 

The relative over-all quantum yield of production of hydrocarbon ($), i.e., 
CH, + 2C2H6, falls with temperature in one set of experiments from 4.5 a t  
25" C. to 2.5 a t  -80" C. All the experiments with the exception of experi- 
ments 9 and 10 were carried out using the liquid thermostat; in experimeilts 9 
and 10 the aluminum thermostat was used. 

DISCUSSION 

The main steps in the mechanism of the gas-phase photolysis of lnercury 
dimethyl are (2, 11) 

Hg(CH3)z + hv -+ Hg + 2CH3, [I] 
CH3 + Hg(CH3)2 --t CHI + Hg(CH3)CH?, PI 

2CH3 -+ C2H6, [31 
CH3 + Hg(CH3)CHg -+ Hg(CHdC2Hs. [41 
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In the presence of hexane, the reaction 
CH3 + C,Hi, + CH4 + C6H13 [51 

would also be expected (16). There are also certain complications in the 
~nechanism whereby some additional ethane nlay be formed by a reaction of 
methyl radicals with mercury dimethyl (2). In the present case, however, 
RC2H6 is independent of the concentration of mercury dimethyl and such 
reactions cannot be important. Also, since the concentration of hexane is so 
much greater than that of mercury climethyl, reaction [2] may be ignored 
relative to [5] as a source of methane. The mechanism in solution can therefore 
be considered to consist of reactions [:I.], [3], [5] and reactions whereby CGH13 
disappears by dimerization, disproportionation, or by reaction with methyl. 
Under these conditions 

Rca4 kg k 
k + [CGH I,] = const. s. R&,H, 3- 3 - 

This relation is not obeyed, since R ~ ~ ~ / R ~ , ~ ~  is not constant. Also if this were 
fulfilled the temperature coefficient of the ratio would be equal to E s  - $E3 
.= E5 = 8 lrcal. Actually the temperature coefficient of methane production 
is very small, and corresponds to about 1 kcal. Also, in view of the magnitudes 
of E5 and Ep methane production would be expected to be negligible a t  low 
temperatures, instead of which it  exceeds that of ethane a t  all temperatures. 

I t  seems almost certain that these results are to be explained on the basis 
of "hot radicals." In reaction [I] excess energy of about 60 kcal. is available. 
We may therefore write the essential steps of the mechanism as: 

Hg(CH3)2 + hv + Hg + 2CH3*, [GI 
CH3* + C~Ij14 + CH3 + C G H I ~ ,  [71 
CH3* + C6Hi4 -+ CH4 + C G H ~ ~ ,  [8I 

2CH3 + C2H6, L41 
together with steps involving the disappearance of C6H13. On this basis 

-- RcH' - constant, 
R ~ , ~ 6  

independent of [Hg(CH3)2], and of intensity. Table I11 shows that this relation- 
ship is fulfilled. On such a basis also, an apparent activation energy of ca. 
1 kcal. appears reasonable. (The positive temperature coefficient might, 
however, also be due to the diminished stability of HgCH3 a t  higher tempera- 
tures.) 

I t  may therefore be concluded that hot radical reactions become pre- 
dominant a t  very low temperatures in the present system, in spite of their 
relative unimportance in the gas-phase a t  higher temperatures. 
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ATISINE: THE HETEROCYC1,IC RING AND FUNCTIONAL GROUPS' 

ABSTRACT 

Evidence is presented which confirms the presence i l l  atisine and isoatisinc 
of vinylamine double bonds, an  N-(8-hydroxyethyl) group, an esocyclic methyl- 
ene group, and a secondary hydroxyl in an  allylic relation to the latter. The size 
and substitution of the heterocyclic ring is discussed. The pyrolysis of atisine 
and isoatisine hydrochlorides to give a C?oH290N base is described. 

INTRODUCTION 

The alkaloid atisine is of interest as a representative of the-less oxygenated 
aconite group (kobusine, talatisine, napelline, and hetisine are others). I t  is a 
dihydroxy pentacyclic base of empirical formula CzsH3,02N containing two 
double bonds (10). The nitrogen is tertiary, and is substituted by a group which 
can give ethyl iodide in the Herzig-Meyer N-alkyl determination (7). On the 
basis of information obtained by oxidative degradation and selenium clehy- 
drogenation Jacobs put forward a tentative structure (Formula 1) for the base 
(9). In work preliminary to  systematic degradation of the alkaloid we have 

Hz 
C 

provided proof of the presence of some of the structural features postulated by 
J a ~ o b s . ~  

Jacobs and co-workers demonstrated that  atisine was a very strong base 
(7), that i t  was isomerized by alkali to a weaker base, isoatisine (7, l l ) ,  and that  
both bases could be converted by prolonged heating with sodium hydroxide 
in methanol to  clihydroatisine (11). They interpreted the isomerization as 
migration of a vinylamine clouble bond from one side of the nitrogen to the 

ilfanz~script received Janz~ary  13, 1954. 
Cotztributiott from the Division of Pzrre Chentistry, National Research Council, Ottazua, 

Ca?iada. Issued as N.R.C. No. 3245. 
National Research Cou+tcil Postdoctorate Fellow. 
A preliminary report of some of this work was publislied earlier (6). 
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WAVE NUMBER (cM.-') 

FIG. 1. Infrared spectra. 
1. Atisine hydrochloride (nujol mull). 2. Isoatisine (nujol mull). 3. Isoatisine hydrochloride 
(nujol mull). 4. Dihydroatisine (nujol mull). 5. Oxoatisine (n~ijol  n l ~ ~ l l ) .  6. The C20H:90N 
base in chloroforni (6.4 mgm. per ml., 1 Inm. cell). 

NOTE ADDED I N  PROOF: T h e  wave nzimbers at Lhe Lop of thejigz~re, belwee?~ 2000 a?zd 5600 c?n.-' 
are displayed one division to the left. 
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EDWARDS AND SINGH: ATISINE 467 

other, and the formation of the dihydroatisine as reduction of the vinjrla~nine 
double bond.4 

Adams and Mahan showed that simple tertiary vinylamines are stronger 
by several pI< units than the corresponding saturated amines. They suggested 
that this was due to the formation of salts with quaternary ammonium 
character (1). 

H+ 

We have demonstrated that atisine (pK 12.2)5 and isoatisine (pK 10.0) are 
stronger bases than dihydroatisine (PI< 8.2) as would be expected if Jacobs' 
postulate were correct. The infrared spectra (mulls) of atisi~le and isoatisine 
hydrochlorides contain bands a t  lG80 cm.-' and 1692 cm.-l respectively, 
which are absent in the parent bases (Fig. 1). Such bands are characteristic 

+ 
of salts containing the >c=N(  group (4, 13). 

Saturated tertiary bases show more intense absorption in the ultraviolet 
above 220 mp than the corresponding hydrochlorides or perchlorates (4, 5). 
The converse seems to be true for aliphatic bases whose salts contain the 
\ + , c=N(  chromophore (4). Both atisine and isoatisi~le fall into the latter 

category (Fig. 2). 

Finally, evidence for the vinylamine character of the isomeric bases comes 
from the fact that both could readily be reduced by sodium borohydride to 
the same dihydroatisine obtained on drastic alkali treatment of the bases 
(11). This can be considered as reduction of a small percentage of the carbinol- 

4 

4Tlzis i s  ttot a simple analogzre of the Cannizzaro reaction, since the yield of reduced prodtrct i s  
75y0. Hence oxidation of nzelhunol probably acco?npanies tlzc redzcction of the alkaloid. 

T h e  pK valzres were determined i n  50y0 aqzreous nzethanol solution. 

I ( I J I I I I I ( I (  - - - A T I S I N E  - - ATISINE.  H C I  - - 
0-0 I S O A T I S I N E  
X-X I S O A T I S I N E . H C I  - --- C Z 0 H z 9 0 N  BASE 

3 - 

- 

\ 
- 

- - ' . 
I  - - ' . 

\ 
\ 

- - 
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amine form present in aqueous methanol solution, or as reduction of the salt 
for111 (always present in polar solvents) as shown: 

Huebner and Jacobs (7) showed that a two carbon fragment and one oxygen 
were rather readily eliminated from atisine by heating with nickel on alumina. 
They also found that the lactam tricarboxylic acid from isoatisine lost a 
C2HL02 fraglnent when treated with thionyl chloride (8, 9). Jacobs concluded 
that a > N C H ~ C H ~ O H  group was present in atisine. I t  seems reasonable that  
such a group could give ethyl iodide in the Herzig-Meyer determination (7). 

'GViesner and co-workers (3) heated atisine a t  300' with seleniuin and ob- 
tained the same C20H290N base obtained by Huebner and Jacobs with nickel 
on alumina. They found it to contain an imino and a carbonyl group. When 
this base was reduced to the secondary amine and the product condensed 
with ethylene chlorohydrin a base isomeric with tetrahydroatisine was obtained. 
Thus supporting evidence, but not decisive proof of the presence of the 
ethanolamine structure had been presented. 

Leonard and Rebenstorf have shown (12) that sirnple p-(dialky1amino)- 
ethanols are cleaved by lead tetraacetate a t  60' to a glycolic aldehyde deriva- 
tive. This reaction has now been applied to tetrahydroatisine, and glyoxal 
bis-P-nitrophenyll~ydrazone obtained in 31% yield fro111 the products. This 
provides decisive confirmation of the presence of the ethanolamine systemin 
the alkaloid. 

Since isoatisine could be oxidized to a lactanl with disappearance of the 
vinylamine double bond, while atisine gave a lactam retaining its vinylamine 
bond, Jacobs concluded (9) that in atisine there are two hydrogens on one 
ring carbon or to the nitrogen but none on the other. An examination of the 
infrared spectrum of oxoisoatisine has shown the lactarn carbonyl band to  be a t  
1610 cm-I. This suggests that the l~eterocyclic ring is six membered6 with 
hydrogen bonding to the carbony1 lowering the frequency from the usual 
position near 1640 cm-I. An active hydrogen deterlnination on isoatisine 
confirmed that there are two hydroxyls in this base, as in atisine. 

Thus the heterocyclic ring in the bases can be written as: 

Atisine Isoatisine 

'Unpublished reszilts i 7 r  this laboralory indicate that satzrrated five naenzbered lactams absorb 
?tear 1690 cm-'. 
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The fact (3) that atisine when heated with seleniuill a t  300" gives consicler- 
able material containing the system 

must mean that the heterocyclic ring cannot aromatize without carbon migra- 
tion. There cannot be meta bridging from carbons 4 to 6, or 3 to 5 in this ring 
since then either atisine or isoatisine would have a bridgehead double bond 
(Bredt's rule violated). Thus the most likely explanation of the failure to 
aromatize is that carbon 4 or 5 is quaternary. The formula for atisine post- 
ulated by Jacobs does not contain this feature, hence doubt is cast on its 
validity. 

The infrared spectra of atisine, isoatisine, and dihydroatisine contain 
bands characteristic of an exocyclic methylene group (2) a t  894 cm.-l, 1650 
cm.-I, and 3060 cm.-l, thus confirming Jacobs' interpretation of his oxidation 
studies. 

I t  seemed probable that the pyrolysis of atisine or isoatisine salts would 
proceed smoothly with elimination of the N-(P-hydroxyethyl) side chain: 

Actually, when either salt was heated a t  310" a mixture was obtained. When 
the base liberated from this was chromatographed on alumina, the fraction 
rapidly eluted by benzene crystallized readily. When recrystallized from 
petroleum ether it melted a t  82-84O and analyzed correctly for CzoH290N. 
On repeated recrystallization from the same solvent a small amount of material 
melting a t  142" was obtained. The 84" base gave a picrate melting a t  252", 
from which base melting a t  84" could be recovered. The infrared spectra of 
the 84" and 142" samples were nearly identical, containing a carbonyl band 
a t  1707 cm.-I and what is probably an imino band a t  1646 cm.-I (Fig. I ) .  
Thus in the light of the above evidence, and of the fact that the 84" base has 
an ultraviolet spectrunl (Fig. 2) very similar to that published by Huebner 
and Jacobs for the C20H290N compound, it  is most likely that it is a stereo- 
isomer of the base described by the previous workers (3, 7). 

The CzoHz90N base could be reduced in acid solution in the presence of 
platinum to a dihydro derivative. This was still a ketone (band a t  1710 cn1.-') 
but the band a t  1646 cm.-I in the infrared and the ultraviolet maxinlum a t  
250 mp (Fig. 2) were no longer present. This is consistent with recluction of a 
) C = N - group in the base. 
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The bands which can be assigned to an exocyclic methylene group in 
atisine and isoatisine are absent in the CzoH290N base and a clear band due to a 
methyl group (1376 cm.-1) is present in the infrared spectrum of chloroform 
solutions of the Cz6H2901T and the dihydro bases. Thus it appears that Jacobs' 
suggested relation of the exocyclic methylene to the secondary hydroxyl is 
correct, and that the allylic system is readily isomerized by heat and probably 
by acid (7) to the corresponding ketone. The position of the carbonyl band in 
the infrared makes it probable that i t  is on a six membered or larger ring. 

The reactions in the heterocyclic ring are very stereospecific. Only one 
isomer is formed when the vinylamine double bond in atisine is reduced 
chemically and when it  is isomerized to give isoatisine. Thus the mixture of 
stereoisomers formed on catalytic reduction of atisine, isoatisine, and clihydro- 
atisine is most probably due to the two orientations of the new methyl group. 

Systematic degradation of the alkaloid, using the various functional groups, 
is projected. 

EXPERIMENTAL 

Ultraviolet spectra were determined on a Beckman DU spectrophotometer. 
Infrared spectra were obtained using a Perkin-Elmer model 21 double beam 
spectrophotometer. The pK's were determined by titration of the bases with 
0.05 N hydrochloric acid in Soy0 aqueous methanol, using the same mixture 
as solvent. 

Atisine 
The alkaloid was isolated from the roots of Aconitum heterophyllum obtained 

from the S. B. Penick Co. The finely ground root was percolated a t  room 
temperature with methanol. Removal of the solvent from the extract was 
carried out under reduced pressure. Crystalline sugar which separated from a 
concentrated methanol solution of the residue was removed by filtration, the 
filtrate reduced to a sirup, and the alkaloids separated by the method of 
Jacobs and Craig (10). Fifty pounds of root yielded approximately 63 gm. of 
atisine hydrochloride. 

The recrystallized hydrochloride had the form of needles, m.p. 303' dec. 
(immersed a t  190°), [a]: 28 f lo (c = 1.6 in water). The infrared spectrum 
(Fig. 1) contained bands a t  3060, 1652, and 895 cm.-I ( > c = c H ~ )  and a t  

+ 
1680 cnl.-l ( ) c = N ( ) .  

The base liberated from the salt with aqueous sodium hydroxide and 
extracted into ether was a colorless glass. Its infrared spectrum (film) had 
bands a t  3060, 1652, and 895 cm.-I ( > c = c H ~ ) .  I t  had a pI< of 12.2 f 0.2. 
A sample of the base distilled a t  110' under 5 X rnm. had [aID -21 =t 2' 
(c = 2.4 in carbonate-free ethanol). Its infrared spectrum (film) contained 
bands a t  1020 and a t  865 cm.-I not present in the base as described above, 
hence changes appear to have taken place on distillation. Found: active 
hydrogen, 0.567, 0.541. Calc. for C22H3302N: two active hydrogens, 0.587. 
Isoatisine 

This was prepared by the methods of Jacobs and Craig (11) and recrystal- 
lized from aqueous methanol. I t  melted a t  152Oafter softening a t  14g0, and had 
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a pI< of 10.0. I t s  infrared spectrum had bands a t  3070, 1656, and 894 cm.-l 
( )c= CH?) (Fig. I ) .  Found: active hydrogen, 0.530, 0.592. Calc. for C22H37 
OzN: two active hydrogens 0.587. The  hydrochloride had the form of needles, 
m.p. 296' dec. (immersed a t  260°), [ f f ] D  -1 f lo (c = 1.0 in ethanol). I t  
showed no mixed melting point depression with atisine hydrochloride. I t s  
infrared spectrum (mull) had bands a t  3060, 1650, and 894 cm-' ( )C = CH2) 

+ 
and a t  1692 cm.-I ( )c=N( ). 

Dihydroatisine 

(a) T o  a solution of 50 mgm. of atisine hydrochloride in 5 cc. of 80% 
methanol-water was added 30 mgm. of sodium borohydride. There was 
brisk evolution of hydrogen. The  solution stood a t  room temperature for 1.5 
hr. after which the solvent was removed under reduced pressure. The residue 
was extracted with ether. The  dried concentrated ether solution deposited 
rhombic plates (45 mgm.) n1.p. 157-159". This  did not depress the melting 
point of the  products from (b) and (c). 

(b) Isoatisine (108 mgin.) in 10 cc. of 807, methanol-water containing 63 
mgm. of sodium borohydride was left a t  room temperature for 1.5 hr. The 
product was isolated as  in (a). Yield, 100 mgm. in three crops. T h e  first crop 
of crystals melted a t  157-15g0, [ f f ] D  -45.4 f 0.5" (c = 2.72 in ethanol), 
PI<, 8.2. Found: C ,  76.32; H, 9.95. Calc. for C??H3502N: C,  76.47; H ,  10.22. 
Infrared bands (mull) a t  3050, 1650, and 886 cm.-I ( ) c = c H ~ )  (Fig. 1). 

(c) Atisine hydrochloride (100 mgm.) was added to 5 cc. of a hot saturated 
solution of sodium hydroxide in methanol in a pressure tube. The  tube was 
sealed and heated a t  100' for 90 hr. with occasional shaking. The  mixture was 
then diluted with 15 cc. of water and the base extracted with ether. From the 
dried concentrated ether solution 40 mgm. of rhombic plates were obtained, 
m.p. 152-154" with previous sintering. This gave no mixed melting point 
depression ~v i th  the products from (a) and (b).  

The three samples had identical infrared spectra. 

Dihydroatisine Hydrochloride 

This crystallized from methanol a s  prisms, m.p. 261-263'. I t s  infrared 
+ 

spectrum (mull) had no )c=N( band between 1660 and 1700 cm.-I. 

Tetrahydroatisine 

Two hundred and fifty milligrams of atisine hydrochloride in 50 cc. of 
methanol in the presence of platinum from 50 mgm. of platinum oxide 
(Adams) absorbed 31.6 cc. of hydrogen in seven minutes (27.5"C., 1 atm.). 
The catalyst was removed by  filtration and the solvent evaporated. The  
residue was taken up in sodium hydroxide solution and extracted with ether. 
The dried and concentrated ether solution deposited 150 mgm. of small 
needles, n1.p. 155-160". When recrystallized from ethanol this gave 40 mgnl., 
1n.p. 170-172" after preliminary softening. Jacobs and Craig record a melting 
point of 173" (11). I t s  infrared spectrum (mull) contained no band in the 
1600-1700 cm.-' region and no band near the 890 cm-I. 
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Glyoxal from Telrahydroatisine 

A solution of 250 mgm. of tetrahydroatisine (m.p. 150") and 650 Ingm. 
( 2 molar equivalent) of lead tetraacetate in 25 cc. of glacial acetic acid was 
heated a t  62 f 4" for 24 hr. All the lead tetraacetate was consumed. The 
mixture was diluted with 25 ml. of water and 500 mgm. of p-ni t ropl~en~l-  
hydrazine added. The resulting solution was filtered and then heated on the 
steam bath for four hours. The red crystalline precipitate (25 mgm.) melted 
a t  310" dec. This was sparingly soluble in glacial acetic acid but was recrystal- 
lized from the boiling solvent, m.p. 311-312" dec. Found: C, 51.25; H, 3.65. 
Calc. for C14H12N604: C, 51.21; H ,  3.66. This compound.clid not depress the 
melting point of authentic glyoxal bis(p-nitrophenyl)-hydrazone, and the two 
specimens had identical infrared spectra. 

On further heating (15 hr.) the filtrate from the first crop of osazone gave 
50 mgm. Inore of the osazone (total, Sly0 of theory). 
Pyrolysis  of A t i s ine  Hydrochloride 

Atisine hydrochloride (400 mgm.) was immersed in a metal bath a t  310- 
320°C. and held a t  that temperature for 1.5 ~nin.  The dark brown product 
was extracted with dilute hydrochloric acid and filtered after the addition of 
charcoal. The filtrate was made alkaline with sodium hydroxide and extracted 
with benzene. The benzene solution on evaporation yielded 230 mgm. of base, 
which was again dissolved in benzene, then adsorbed on 3 gm. of alkaline 
alumina (activity 1). The first 20 cc. of benzene eluted 133 mgm., and the 
following four 20 cc. portions eluted 40 mgm. more. This material slowly 
solidified. When crystallized from petroleum ether the compound melted a t  
82-84" with previous shrinking. Found: C, 80.61; H, 9.77. Calc. for CzoHz90N:  
C, 80.22; H, 9.76. Ultraviolet spectrum (Fig. 2) :  A,,, 250 mp, log E 2.09; 
shoulder a t  295 mp, log E 1.74. Its infrared spectrunl (chloroform) had bands 
a t  1646 and 1707 cm.-I (Fig. I ) .  
Pyrolysis  of Isoatisi?ze Hydrochloride 

When 380 mgm. of isoatisine hydrochloride was treated as above, 190 mgm. 
of base was recovered. This gave 139 nlgln. of the readily eluted base. After 
one recrystallization from petroleunl ether this melted a t  83-85". I t  proved 
identical with the product from atisine hydrochloride (mixed melting point 
and co~nparison of infrared spectra). 

The samples melting a t  84O or 85" from both salts on repeated recrystallisa- 
tion fro111 petroleum ether gave small quantities of base nlelting a t  142" after 
previous sintering. The infrared spectrum of this nlaterial showed only minor 
differences in the fingerprint region from that of the 85" base. 

The combined 85" base prepared from both salts was converted to the 
picrate. This crystallized from ethanol as long needles, m.p. 250-252". Found: 
C, 59.20;. H, 6.16. Calc. for C ~ ~ H S ~ O ~ N ~ :  C,  59.08; H ,  6.10. Base recovered 
from the pure picrate and crystallized from petroleum ether melted a t  80-84". 

Dihydro-keto Base  

CzoH290N base (25 mgm.) in 3 cc. of ethanol containing three drops of 
concentrated hydrochloric acid in the presence of platinum fro111 10 Ingm. of 
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p l a t i n u m  ox ide  (Adan l s )  a b s o r b e d  2.08 cc. of h y d r o g e n  i n  e i g h t  h o u r s  at  26OC. 
a n d  761.5 n l m .  p ressu re  (mole  r a t i o  1.0). The ~ r o d u c t  crysta l l ized as p r i s m s  
f r o m  p e t r o l e u m  e t h e r ,  m.p. 135'. F o u n d :  C, 79 .22 ;  H ,  9.99. Calc .  f o r  Czo 
H310N: C, 79 .67 ;  H, 10.37. U l t r a v i o l e t  s p e c t r u m :  X,,,I, 266 m p ,  l o g  e 1.74; 
A,,, 291 m p ;  log  E 1.91. I n f r a r e d  s p e c t r u m  (ch lo ro fo rm)  h a d  b a n d s  at 1710 
cm.? a n d  at 1376 cm-l. 
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ADDITION OF METHYL RADICALS TO 
UNSATURATED HYDROCARBONS1 

ABSTRACT 
The rates of addition of methyl radicals, produced by the photolysis of acetone 

between 140" C. and 240" C., to unsa t~~ra ted  hydrocarbons were determined by 
two independent methods. From the kinetics of the addition and the methyl 
radical combination reactions, addition of methyl radicals to ethylene, propylene, 
acetylene, and butadiene was found to proceed with activation energies of 7.0, 
6.0, 5.5, and -2.5 kcal. respectively and stcric factors of the order of 10-". 

INTRODUCTION 

The kinetics of a simple free radical addition reaction such as 
CH3 + C213.1-4 C3H7 kd 

are generally difficult to investigate because of complications arising from the 
various other reactions in which the reactants also participate, and from the 
nature of the product, which is a free radical. The main difficulty obviously 
lies in the tendency for the unsaturated hydrocarbon to polymerize, which may 
obscure the fate of the free radicals in the system, and often pi-events quanti- 
tative study of any single process. 

In this investigation the unsaturated hydrocarbons were kept a t  as low 
concentrations as possible to prevent them from participating in reactions 
other than addition by methyl radicals. 

Methods of Determining the Rate of Addition 
In a previous paper (5) it was shown that almost all the methyl radicals in 

the photolysis of acetone between 100" C. and 284" C. are accounted for by the 
following reactions: 

This conclusion was based on the fact that, within 3y0, 

where Rx is the rate of formation of the product X. I t  follows that, if in the 
presence of an ~lnsaturated hydrocarbon the only other reaction of nlethyl 
radicals is addition, and Rco is unaffected, the rate of addition, designated as 
R', for this method; may be obtained from 

( 2 R ~ ~ ~ 6  + R C H ~  + RCH,COC~H, + R'A)/RCO 
1 Manzrscriet received Janirary 15, 1954. 

Contribzrtion from the Division of Pure Chemistry, National Research Council of Cc~nada, 
Ottawa, Canada. Issued as N.R.C. No. 3254. 

2 National Research Cou~rcil of Canada Postdoctorate Fellozu 1951-53. 
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equated to the ratio obtained in the absence of unsaturated hydrocarbon. 
However, methyl radicals may combiile with the product of addition, i.e. 

thereby making RIA higher than the true rate of addition. But unless the methyl 
radical concentration is coiltrolled only by the addition reaction, which is not 
so here, this reaction will decrease and diminish in effect on RIA wit11 increasing 
temperature, and will lead to too low a value for EA. 

Since ethane and methane accouilt for inost of the methyl radicals produced, 
it would be expected that the greatest effect on the material balance of the 
addition reaction is on the 2RC,,, + RcH, portion. Therefore it would appear 
possible to evaluate the rate of addition from 

equated to (2RcZH, + RcE4)/Rco in the absence of unsaturated hydrocarbon. 
By comparing R1lA with RIA it can be seen that the former will be lower, the 
difference between the two depending on the magnitude of RcH3coc2Hj/Rco and 
the extent to which it is decreased by the addition reaction. R1'A may therefore 
be lower than R',, especially when the amount of addition is large, i.e., at  high 
temperatures. 

The other method used is based on the assumption that the rate of addition 
of methyl radicals is equal to the rate of disappearance of unsaturated hydro- 
carbon. Because of polymerization and, possibly, addition by acetonyl radicals, 
R1'IA, the rate obtained by this method, should be higher than the true rate of 
addition of methyl radicals, these effects being accentuated with increasing 
temperature. Although the unsaturated hydrocarbon may also disappear by 
methyl radical abstraction of hydrogen atoms, the rate of abstraction can be 
calculated from the ratio R ~ ~ , / R ~ ' , " ~ ,  in the presence and absence of the olefin. 
I t  is obvious that if  hydrogen abstraction occurs to any large extent the rates 
of addition obtained by the material balance method lose much of their signifi- 
cance. 

The limitations of the two methods are such that activation energies based on 
RIA and R1lA will be low while those obtained from R1"A will be high. Since these 
methods are also essentially independent, the extent to which the results agree 
will be an indication of their validity. 

EXPERIMENTAL 

The apparatus was essentially the same as that reported previously (5). 
Most experiments were done with the reaction cell separated from the rest of 
the apparatus by a stopcock situated very close to the furllace, the volumes of 
the cell and connecting tubing being 195 cc. and 10 cc. respectively. Some 
experiments, as indicated in the tables, were done with the cell isolated by a 
mercury cutoff, the volun~e of the connecting tubing being 37 cc. 

The follonring unsaturated hydrocarbons were used: ethylene, propylene, 
butadiene (Philips Research Grade), and acetylene (Ohio Chemical and Mfg. 
Co.). Ethylene, propylene, and acetylene were degassed by bulb to bulb distil- 
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lation a t  - 19G0 C. and the seconcl of three fractions coining over a t  -80" C. 
was retained. Butadiene was degassed a t  - 196" C. ancl - l l G O  C. and fraction- 
ated a t  -30" C. Some experiments were done with deuterated acetylene (C2D2), 
primarily to see if there was hyclrogerl abstraction from acetylene. The  cle~rter- 
ated acetylene was prepared by the action of DzO on calcium carbide. 

Because acetylene absorbs wave lengths belo\\, 2200 A, the light froin the 
Hanovia S-100 lamp was filtered with a Corning No. 7910 filter for that series 
of experiments. Since it was found that this filter had no significant effect on 
the material balances, the data  for acetone alone, which were obtained with this 
filter, were used as reference in deternli~ling R1/, for ethylene and propylene 
where 110 filter was used. In the series of experiments with ljutadiene a Corning 
No. 9863 filter was used throughout to avoid any photopoly~nerizatio~~ of 
butadiene, which absorbs light a t  2300 A ancl below. I t  should be notecl that  the 
light intensities, or Rco, in the reference experiments and in those with unsatur- 
ated hydrocarbon were within 10yo of each other-. The  precaution of keeping 
the light intensity constant for both experiments was talcen since it was found 
that the material balance (2RczH6 + R,,,)/Rco varies slig-htly with light 
intensity (5). Irradiation time was invariably one hour. 

The analytical procedure was also similar to that reported previously (5) 
except that it mas extended to cletermi~le a larger range of components, notably 
the amount of unsaturated hydrocarbon remaining a t  the end of an experiment. 
I t  was noted that by removing the products condensable a t  - 116" C. in a trap 
situated before the analytical system, separation of the components that are 
volatile a t  lower temperatures was more rapid. 

In the experiments with ethylene, methane and carbon monoxide were 
separated a t  the temperature of solid nitrogen since ethylene distills slowly a t  
- 196" C., the temperature of liquid nitrogen. The  C2, C3, and Cd fractions were 
separated a t  -180°C., -160" C., and -130" C. respectively and analyzed 
with a mass spectrometer. I t  was found in the experiments with propylene t ha t  
ethane and propylene could be separated effectively a t  - 180" C. and - l G O O  C. 
With acetylene present, fractions were removed a t  - 180" C., - 150" C., and 
occasionally a t  - 130" C. and analyzed ,for CS, carbon monoxide, C3, and C4 
with the mass spectrometer. Acetylene appeared to retain some of the carbon 
monoxideat the temperature of liquid nitrogen. This observation was confirnled 
by photolyzing two separate samples of acetone,.adding some acetylene a t  the 
end of the photolysis of one to the-acetone and its products while they were 
still in the reaction cell, and analyzing both as  in a typical experiment with 
acetylene. No analyses were made for butadiene remaining a t  the end of an 
experiment. 

RESULTS 

The rate constants appearing in the tables were calculated on the basis of 
the addition reaction and reaction [2], e.g. 

k", - - - -- Rff.4 , 
k "  2-  R~!,"H,[C~H~] 

and are expressed as c n ~ . ~ "  molecule-a set.-$. The  concentration of unsaturate 
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is the average during the photolysis. Arrhenius plots gave E,i - iE2 and froin 
these the P A / P ~ ~  ratios, or relative steric factors, were obtained. Since it has 
been shown that for methyl radical combination, i.e. reaction [2], Ez-- 0 and 
Pz - 1 (4), the activatioil energies and steric factors correspond to the addition 
reaction. 

In Table I are shown the inaterial balances for the photolysis of acetone alone. 

( a )  
Acetolze conc. = 1.76 X llf./cc. 

TABLE I 
MATERIAL BALANCES I N  TIIE PHOTOLYSIS OF ACETONE 
--- -- 

Acetone conc. = 0.9 X M./cc. 

1 RCFI, 1 R c x , c o c z ~ f ,  1 RCO 2Rc,a. + R C H ,  

X lo5 cc. N.T.P./sec. 1 Rco  

( b )  (No. 9868 filter) 
Acetove conc. = 1.76 X 11.l.l~~. 

2Rc ,x ,  + R C H ,  + Rcn,coc,x, 

Rco 

J I 

(G) (No.  9865filler) 
Acetone C O I Z G .  = 1.76 X M./cc. 

Since the rates of addition are based on differences between relatively large 
quantities, small analytical errors could cause large deviations in the calculated 
rates of addition. The analytical accuracy was, however, better than + 0.10 
X loe5 cc. N.T.P. per sec. and reproducibility of kllA/k,f and kl1lA/k2* was 
accordingly t20Y0 a t  the lower tenlperatures and +5y0 a t  the higher tempera- 
tures. These deviations correspond to i. 1 kcal. in the activation energies, 
which is consistent with the accuracy of the Arrhenius plots. 

In each series of experiinents a t  least one reference photolysis of acetone was 
done in the same period of time as the correspoilding photolysis of acetone with 
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TABLE I1 
PHOTOLI~SIS OF ACETONE A N D  ETHYLENE (REF. TABLE I ,  c) 

I X loG M./cc. I X 105 cc. N.T.P./sec. 
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unsaturated hydrocarbon. No significant change in Rco was observed with the 
addition of unsaturated hydrocarbon, thereby indicating the absence of addition 
of acetyl radicals. This was probably due to the low concentrations of unsatur- 
ated hydrocarbon, since Volman and Graven (10) found that larger concen- 
trations of butadiene decreased Ro in the photolysis of acetone. 

Because each of the hydrocarbons manifested certain particular character- 
istics, their results will be given separately. 

Ethylene 
Because of its importance, ethylene was studied more thoroughly than the 

other hydrocarbons. Emphasis was placed on ascertaining the validity of the 
lnethocls used in determining the rate of addition and on ' the analysis of 
products. 

The C3 fraction (Table 11) consisted of propane and propylene, possibly formed 
by, 

CI33 + C3H7 + CHI + C3Ha, 

Small Cd fractions, a t  rates not exceeding 0.5 X cc. N.T.P./sec., were 
found by mass spectrometric analysis to contain a t  least 50% acetone while 
the rest could not be identified positively as butane. Higher hydrocarbons, 
i.e., Cs and Cc, were not detected a t  all by the mass spectrometer. 

Froin Table I1 it is evident that the kl,/kif- and k11A/k2i values agree reason- 
ably well. A comparison of the and k1IA values with killd (Table 111 and 
Fig. 1) also shows reasonable agreement, viz. 7.5, 5.5, and 8.5 kcal. respectively. 

TABLE I11 
PHOTOLYSIS O F  ACETONE AND ETHYLENE (REF. T-~BLE I, a) 

1 X 1012 cm.'/' / X lo5 cc. N.T.P./reo. set.-+ 

We may therefore state the value of EA as E A  = 7.0 f 1.5 kcal. I t  is noteworthy 
that changes in concentration of acetone and ethylene have no significant effect 
on the kllA/k$ values. Furthermore, it can be seen that the addition of such 
small quantities of ethylene has no significant effect on the R ~ ~ , / R ~ ' ~ ~ ,  ratios, 
thereby indicating that there are no complications due to abstraction of hydrogen 
atoms from ethylene. 
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1.8 2.0 2.2 2.4 

103/~, OK. 

FIG. 1. Arrhenius plot for the addition of methyl radicals l o  ethylene. 

Propylene 

The presence of propylene (Table IV) caused a small increase in the 
R , H , / R ~ ~ " , ,  ratios for the acetone photolysis which necessitated a correctiorl 
for hydrogen abstraction in determining R"',.  This correction was only about 
lOy0 of the rate of addition. 

From Table IV and Fig. 2 it can be seen that up to 200' C. the kU.4/kr' and 
k1"~/k2* values agree quite well, with the latter continuing the linear Arrhenius 
relationship while the former values fall off a t  higher temperatures. I t  Inay be 
concluded, therefore, that the activation energy for addition of methyl radicals 
to propylene is reasonably well established by the two methods to be approxi- 
mately G kcal. 

TABLE IV 
PHOTOLYSIS OF ACETONE AND PROPYLENE (REF. TABLE I ,  n )  

Temp., 
" C. 

X 105 cc. N.T.P./sec. 

* Used Tnercztry cartof for cell. 
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FIG. 2. Arrhenius plot for t h e  addition of rrlethyl radicals t o  propylene. 

Acetylene 

The products that were found in the various low temperature fractions were 
propylene, ethylene, and butene. Propylene, which was produced a t  about one 
third of the rate of addition (Table V), may be accounted for by abstraction of 
hydrogen atoms from acetone by propenyl radicals (CHSCH = CI-I) for med by 
addition of methyl radicals to acetylene. Butene was prodriced a t  a much 
smaller rate, less than 5% of the rate of addition, and therefore contributed 
very little to the loss of methyl radicals. The presence of ethylene in the CZ 
fraction was unexpected and is not readily explicable. 

Two experiments were done a t  270° C. with deuterated acetylene a t  concen- 
trations of 0.08 X lop6 mole/cc. and 0.28 X rnole/cc. acetylene in the 
presence of 1.7 X 10W6 mole/cc. acetone. Mass spectrometric analyses showed 
that both CHSD, about 2% of the methane, and C ~ H S D  were formed, thereby 
indicating an insignificant amount of abstraction of deuterium atoms by methyl 
radicals. Furthermore the absence of abstraction can be seen, as for ethylene, 
from the R ~ , / R ~ , " ~ ~  ratios, which were hardly altered by the addition of 
acetylene to acetone. 

From Table V and Fig. 3 it is evident that the k",/kZ4 and k'''A/k2+ values 
agree reasonably well. The Arrhenius plot is based on an average of the two 

TABLE V 
PHOTOLYSIS OF ~ C T ~ T O N E  AND ACETYLENE (REF. TABLE I ,  a )  

-- 

'Temp., 
" C. 
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FIG. 3. Arrhenius plot for the addition of rnzthyl radicals to acetylene 

values a t  each temperature, but if  they are considered separately the difference 
in activation energies by the two methods is 1 1;cal. 

Butadiene 
The experimental results for butadiene are shown in Table VI but the rate 

constants, which contain a term for the average concentration of unsaturated 

TABLE VI 
PIIOTOLYSIS OF ACETONE A N D  BUTADIENE (REF. TABLE I,  b )  

Temp., 
" C.  

X lo5 cc. N.T.P./sec. 

Used mercury  cz~loff  for cell. 

hydrocarbon, could not be calculated directly since analyses for butadiene were 
not made at the end of the experiments. From the R ~ ~ , / R ~ ~ ~ ,  ratios it can be 
seen that there was some hydrogen abstraction a t  the lower temperatures and 
none a t  the higher temperatures indicating that,  a t  the higher temperatures, 
butadiene disappeared rapidly and almost completely. Therefore i f  the k",/k$ 
values are calculated on the assumption that 110 butadiene remained a t  the end 
of the experiments a t  the higher teiilperatures and that its rate of consumption 
was equal to R", a t  the lower temperatures, an activation energy of -2.5 kcal. 
is obtained for the aclclitio~i reaction. 

DISCUSSION 

The activation energies and steric factors obtained for the addition of 11lethyI 
radicals to the various hydrocarbons investigated are summarized in Table VII. 
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TABLE V I I  
ADDITIOK O F  FIETHYL KADICALS TO UNSATURATED HYDROCARBONS 

I I I 

Hydro- k , i / k ? i  a t  200" C. 1 4 - $ 8 2 ,  1 -'X 104 
carbon X lo'? ~ r n . ~ / '  molecule-i set.-f 1 I<cal. 1 P,f 

One striliiilg feature of these results is the sinlilarity of the values obtained for 
addition t o  ethylene, propylene, and acetylene. 

Raal, Danby, and 13inshelwood (2, 7, 8) s t ~ ~ d i e d  the addition of methyl 
radicals to unsaturated hydrocarbons, the methyl radicals being produced by  
the photolysis of acetaldehyde. According to  their kinetic scheine they found 
that the ratios of the rate constants of addition to  that  of abstraction of hydro- 
gen, by methyl radicals from acetaldehyde were essentially similar for the 
series of hydrocarbons investigated, that for ethylene being lower than the 
others. For ethylene, they also determined the difference in activation energies 
of the two reactions, from which 6.8 ltcal. was obtained for the addition reaction 
by assuming 9.7 kcal. for the abstraction reaction. However, if the valuesof 
7.5 ltcal. and for the activation energy and stei-ic factor for the latter 
reaction (9) are applied to their data on ethylene an activation energy of 4.6 lical. 
and steric factor of are obtained which are a t  least of the same order as 
the results of the present investigation. 

The activation energy of chain propagatioil in the polyn~erization of butadiene 
induced by methyl radicals has been found to be 5.4 ltcal. by Volman and 
Graven (lo),  who coilsidered it as the activation energy for the addition of 
methyl radicals to butadiene. This value is in poor agreement with the value of 
2.5 Itcal. obtained here for this reaction, but i t  may not correspond to  the addition 
reaction. 

The difference between the activation energies of the addition reaction and 
its back reaction, or decoinposition of the free radical product, should be equal 
to  the heat of the reaction. Three independent investigations (1, 3, 6) agree on 
an activation energy of -20 ltcal. for the decoinposition of propyl radicals t o  
methyl radicals and ethylene. This activation energy is, however, about 3 lical. 
lower than the lower limit of the heat of the reaction, a discrepancy which has 
been pointed out. With the present value of the activation energy of the addition 
reaction, the discrepancy is about 10 lical. The values for the decomposition of 
the propyl radical should, therefore, be regarded with some suspicion. 
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THE VISCOSITY OF GASES AND THE THEORY OF 
CORRESPONDING STATES1 

ARSTRACT 

The viscosity of gases is examined using the theory of corresponding states. 
The curve of reduced viscosity plotted against reduced tcmperature is corn- 
pared with the theoretical curves obtained for setreral interrriolecular potentials. 
I he approxinlate Sutherland ecluation gives the best fit and it is suggested that  
this be used to extrapolate viscosities to high temperatures where esperitnental 
data are not available. The reduced viscosity - reduced ten~perature plot car1 be 
used for estimating the viscosities of simple gases from critical data, or critical 
data from the viscosities. 

INTRODUCTION 

Several authors have shown ( 6 ,  17) that if one nlakes certain assu~~lptions 
the reduced low pressure transport properties of monatomic gases obeying 
classical statistics should be universal functions of the reduced temperature. 
The arguments were based on the principle of correspo~lding states discussed 
by Pitzer (16) and Guggenheim (3, 4) and on the kinetic theory of gases, and 
need not be detailed again. The validity of the arguments depends on several 
assumptions, the most restrictive of which is that the potential +(r )  of two 
nlolecules separated by a distance r  is given by an equation of the form 

where E is an energy, ro a distance, and f a universal function. Some authors 
have preferred to use the molecular quantities E and ra, where E is the depth of 
the minimum of the potential energy curve and rd is the value of r  for either 
(b = 0 or 4 = E ,  to reduce the properties considered. However, to apply the 
reduced equations, c and ro have to  be evaluated using an assumed form off ,  
and the Lennard-Jones 12 : 6 potential is frequently used. I t  is more general 
practice to  assume that E is proportional to  the critical temperature T ,  and 
that ro3 is proportional to the critical volume T/, and to use T ,  and T f ,  as 
reducing quantities. The advantage of this procedure is that it is independent 
of the form off and uses n~acroscopic quantities only. In  this paper I use the 
latter assumption. 

The reduced transport coefficients are (6, 17) 7l Trc2/3/dMT, x VcU3d%7F, 
D12Vc2/3 P/T3l2[(M1 + A ! ~ Z ) / M , M ~ ] ~ / ~ ,  and RT, where 7 is the viscosity, X the 
thermal conductivity, Dlz the coefficient of mutual diffusion of nlolecules 1 
and 2, RT tlle thermal diffusion ratio for isotopic mixtures, A4 the molecular 
weight, T the temperature, and P the pressure. Each of these quantities should 
be a universal function of the reduced temperature T ,  - T / T ,  for gases which 
obey the principle of corresponding states. 

~ a n z i s c r i p t  received January  I S ,  1954. 
Contribution front the Division of Applied Cke?nistry, National Research Council of Canada, 

Issued as N.R.C. No. 5259. . . 
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486 C A N A D I A N  J O U R N A L  OF CI{E,IIISTRY. VOL. 32 

There are insufficient clata on monatomic gases to test the reduced tliermal 
conductivity. The conductivity of other gases is complicated by exchange 
between translational and internal energy. Rowlinson and 'I'ownley (17) have 
shown that the redr~cecl diffusion coefficients plotted against reduced tenipera- 
ture do not fall on a good line, possibly because of fairly large errors in the 
experimental measurements. A graph of RT vs. T ,  was prepared, but showed a 
similar scatter to the one for concentration diffusion. The discussion is therefore 
confined to the viscosity. 

REDUCED VISCOSITY CURVE 

I t  appears to have been first suggested by Onnes (15) that ~ T ~ , 2 1 3 / . \ / ~ @  
should be a universal functio~l of T,. Several authors (2, 17, 18, 21) have 
verified this by plotting the above form of the reduced viscosity or a related 
one and obtained good curves. The published graphs have, however, been 

SCALE FOR LOWER CURVE 

C4 5 

I I 

FIG. 1. Reduced viscosity against reduced temperature for several gases. 
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TVHALLEY: I'ISCOSITY OF GASES 487 

confilled to con~paratively low temperatures. Fig. 1 is a graph of this fi~nction 
over a fairly wicle range of T ,  using the smoothed viscosity clata obtained for 
another paper (24) and the critical constants collected by Guggenheim (3,  4),  
except that for xenon the clata of Weinberger and Schneider (22) were used. 
The viscosity clata for methane (7, 20), carbon morloxide (19) ,  ltrypton and 
xenon (11) were obtained by smoothing the data in the literature. 

Neon does not fit the nor~nal curve and hydrogen ancl helium deviate much 
further. These deviations are due a t  least partly to quantum effects. The use 
of "corrected" critical constants, i.e. those which would be obtained if there 
were no quantunl effects, as suggested by Guggenheinl and McGlashlan (4), 
did not bring hydrogen, helium, and neon into line with the other g-ases, nor 
was it found possible to choose empirical values of the "critical constants" 
\vhich would bring them into line. Carbon monoxicle falls a little above the 
curve for the remaining gases, probably owing to its small dipole moment. 

COiVlPARISON WITI-I THEORY 

Since the reduced viscosities of many gases fall quite close to one curve, it 
seems likely that the true potential of these gases approximates closely to the 
form of Equation [ I ] ,  and by comparing the experimental and theoretical 
reduced viscosity curves one can examine the clegree of fit with the viscosity 
obtained with various forms off.  

The general theory of viscosity ( 1 )  gives the equation 

where f, and Q(2,2)  are functions of kT/e  to be worlced out for each potential, 
and ro is in angstroms. 

( 1  ) The Sutherland Potential 

For this potential 

when r  < 70 ,  f = m,  

when r  > 70 ,  f = (ro/r)*, 

and 6 is the depth of the potential energy ~ninirnunl. The values of f, and 
C2(2,2) have been worked out  for values of n of 4 ( 5 )  and 6 (10) only. T o  a first 
approximation, neglecting second and higher powers of e/kT,  Equation [2] 
reduces to the Sutherland equation 

where S is Sutherland's constant and is proportional to E .  Equation [4] is not 
a good approximation to Equation [2] except a t  high temperatures when S I T  
is small, but it is simple and easy to  apply and has been very frequently used 
in correlating viscosity data. We shall see later that Equation [4] provides the 
best representation of the reduced viscosity curve of any of those considered. 

We first consider Equation [2] .  We assume 
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where N is the Avogadro number, and obtain Ily substituting into E q ~ ~ a t i o n  
PI 

I t  is generally accepted tha t  n = G is the best si~nple representation of the 
attractive potential. I have therefore not disc~~ssed the potential n = 4. 
Using the tables off,  and Q(2,2) given by Icot-ani for n = 6 and solving the 
two simultaneous equations obtained from the values of 7 ,  a t  T ,  = 1 and 10, 
i.e. forcing Equation [ G I  to fit the experimental curve a t  T ,  = 1 and 10, we 
solve for p and y. The  theoretical curve can then be calculated. I t  is not 
plotted in Fig. 2 since it is of little practical or theoretical importance and would 
confuse the graph. Up to T ,  = 3 it follows roughly curve 5 and above about 
T ,  = 10 i t  is indistinguishable from curve 2. 

Equation [4] is of more practical value. We assume (12) that  the I-educed 
Sutherland constant 

S ,  = S / T ,  

is constant for all gases; since S a E, this is equivaleiit to assuming tha t  
T ,  a; E. Also we assume that Y O  is related to the critical volunle by the equation 

Inserting these in Equation [4] and rearranging, we obtain 

Ry fitting Equation [7] to the curve of Fig. 1 a t  T ,  = 1 and 10, we obtain 

This value of S ,  is close to the value of 0.8 used by Light and Stechert (12).  
The  curve obtained using Equations [i] and [8] is compared with the experi- 
mental curve in Fig. 2. 

( 2 )  12 : G Potelztial 

For this potential 
f = 4 { (r0/r)l2 - ( r ~ / r ) ~  1 ,  

where ro is the low velocity collision diameter and E is the depth of the potential 
energy nlinilnum. f, and Q(2,2)  at-e tabulated by Hirschfelder- et al. (6). We 
assume Equations [5] and obtain 

By solving graphically the simultaneous equations [9] a t  T ,  = 1 and 10, ure 
obtain 

[lo] /3 = 2.784, 
y = 1.540. 

By fitting viscosity data  of a number of gases to the 12 : G potential, usually 
a t  moderate temperatures only, Hirschfelder et al. obtained P = 3.1, y = 1.28. 
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I- CURVE OF FIG. I 

2- SUTHERLAND €0. 

3- 12: 6 

4- EXP:6 & =  12 

5- EXP:6 a= 15 

FIG. 2. Comparisoll of experimental and theoretical reduced viscosity curves. 

Guggenheim and McGlashan fitted the reduced second virial coefficient curve 
and obtained /3 = 2.836, y = 1.28. The calculated 7, curve is conlpared with 
the experimental curve in Fig. 2. 

(3) Exponential : 6 Potential 
Very recently Mason (13) has given a table of the transport integrals for a 

potential of the form 

{c exp (1 - r /rm)  - ($1 6, , 
f = l - , / a  a 

where r ,  is the position of the potential energy minimum, CY is a measure of 
the steepness of the repulsive potential, and E is the depth of the potential 
energy minimum. For this potential 
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[ I l l  1067, = 2 6 . 6 9 3 4 E ~  Y , - ~  f,,/f2(2,2), 

where r ,  is in ailgstron~s and f, and fi(2,2) are functions o f i k ~ / ~  and or only. 
They are tabulated for values of a of 12, 13, 14, and 15. We assume the rela- 
tions [ 5 ]  and fit the reduced viscosity a s  before for a = 12 and for a = 15. 
The curves are coinpared with the experimental curve in ~ i ~ 5 2 .  For a = 12 
we find 

p = 1.510, 
y = 2.409. 

For a = 15 we find 
P = 1.858, 
7 = 1.536. 

DISCUSSION 

For the gases considerecl the approxin~ate Sutherland equation provides a 
better fit over a wide temperature range than the  "exact" Sutherland, 12 : 6 
or exp : 6 potentials. I t  has been pointed out several times (8, 9, 23, 24) that  
a 12 : 6 potential is not good for the viscosity of many gases a t  higher tem- 
peratures. I<ihara and Kotani showed tha t  for nitrogen and methane the 
accurate Sutherland potential is better than the 12 : 6. The  approximate 
Sutherland equation is better still. I t  was shown recently (23, 24) tha t  the 
12 : 6 potential does not give a good representation of the viscosity of most 
gases a t  high temperatures, e.g. for nitrogen i t  mas impossible to obtain any  
12 : 6 parameters to fit the viscosity above about 570°K., whereas the Suther- 
land equation could be used over the whole range of 80-1800°K. with only a 
few per cent change in S. I t  sho.uld be remarked however that  this conclusion 
does not hold for all the simple gases. The  viscosity of neon (24) is quite well 
represented by a 12 : 6 potential over the temperature range 80-1100°K. for 
which data  are available. The  viscosity of helium and hydrogen (14) is well 
described by an exp : 6 potential. 

If any conclusions about the shape of the potential energy curve which will 
give the best fit to the viscosity data  can be drawn from this comparison it is 
that the repulsive energy should be steeper than that of the exp : 6, a = 15. 
This does not necessarily indicate that  the true repulsive energy should be 
steeper. Undoubtedly a better fit to the observed data  could be obtained \vith 
a modified Sutherland equation. Iceyes (8) used the equation 

where T = T-I, ao, a,  and a l  are constants to correlate successfully the vis- 
cosities of a number of simple gases over a wide temperature range. A t  higher 
t empera t~~res  this reduces to the Sutherland equation. Simple modifications 
involving the substitution of 1 + S,/T, + ST2 /TT2  or exp (1 + S,/T,) - 1 
for 1 + ST/TT  gave a worse fit than Equation [7]. 

The  curve of Fig. 1 is very useful in providing a means of esti~nating the 
viscosity of a simple gas when only critical data or scanty viscosity data  are 
available. Alternatively it is possible to obtain values of the critical volume 
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Ii'TfA LLEY: VISCOSITY OF GASES 41) 1 

and temperature from viscosity data, to enable one to make use of other 
reduced curves for estimating rough values of gas properties. 

One should be able to make a similar plot for the viscosity of silllple liquids, 
but a few graphs showed fairly considerable deviations and the subject was 
not pursued further. 
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MICROCALORIMETRIC STUDIES OF POLYVINYL ACETATE 
SOLUTIONS1 

ABSTRACT 

A relation between intrinsic viscosity and the sign of heat of mixing of a linear 
polymer in different solvents has been predicted by Alfrey, Bartovics, and Mark. 
TO verify this, the intrinsic viscosities and heats of mixing a t  one concentration 
for two san~ples of polyvinyl acetate in six solvents were determined. The heats 
of mixing have been ~ l l e a s ~ ~ r e d  with a Tian-Calvet n~icrocalori~neter especially 
designed for slow processes and having a sensitivity of one thousandth of a 
calorie per hour. The results ger~erally agree with the above prediction. Further- 
more, the heats of mixing of two fractions of polyvinyl acetate in three solvents 
have been measured over a range of low concentrations to study the behavior of 
the quantity B froin the theorv of van Laar, Scatchard, and Hildebrand on 
energy of mixing of nonelectrolytes. I t  was found that B goes through a minimum 
a t  low conce~~trations when the mixing process is exothermic. This eftect may be 
esplained b y  the existence of a critical concentration below which entanglement 
between macron~olecules ceases. For a poor solvent, B seems to  be constant a t  
high dilution. 

INTRODUCTION 

When a linear poly~ner such as  polyvinyl acetate has a high molecular 
weight, i t  ~1sua4ly assumes a solid form of an amorphous or slightly crystalline 
structure. Thus, a solid high polymer is far fronl being a perfect solid and is 
often considered as a very viscous liquid (10). A solution of linear and non- 
electrolytic macromolecules in an organic solvent is the limiting case of solu- 
tions of nonelectrolytes of different nlolecular dimensions. These solutions 
deviate strongly from ideal behavior and the mixing process is often accorn- 
panied by a ther~nal effect. 

Van Laar, Scatchard, and Hildebrand have worked out a general theory on 
total energy of rnixing AE,lf for two nonpolar nonelectrolytic liquids (9). Since 
the volun~e change on mixing AV,lI is negligible for very dilute polyiner solu- 
tions, then, according to this theory, 

V, being the total volume of mixture, and @ the volulne fraction of the solute. 
The quantity B is a parameter characterizing the net heat of interaction 

for a given pair of nonelectrolytes (8) which theoretically is independent of 
conce~ltration and varies with temperature. If only dispersion forces are 
present it may be given as (9) 

where a1 and 6? are solubility parameters. Therefore according to [ 2 ] ,  AHnr is 
1 Acanzcscript received January 13, 1954. 

Contribzition from the Department of Cltemist~y, University of hIontrea1, ibfontreal, Quebec. 
This paper i s  taken i n  part from the Ph.D. thesis of Hubert Daozist. I t  was presented at the 35th 
Annrial Conference o f  the Chemical Institute of Canada, Montreal, Jzme 1952, and the Hiah 
Polymer ~ o r u m ,  h on don, Ont., November 1953.- 

- 

Holder of a National Research Council of Canada Stzidentship 1951-53. Present address: 
Clientistry Department, Cornell University, Ithaca, N .  Y. 
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D.4OUST A N D  R I N F R E T :  POLI'T'INYL d C E T A T E  SOLUTIONS 493 

always positive or zero, i.e. the mixing is an endothermic or an  atllerinic 
process. 

However when there is specific interaction between two species in solution 
the value of B is not given by [2] but becomes more con~plex and often negative. 
Equation [I] is still applicable but Afl,, can be negative. 

Based on theoretical considerations of the shape of polyn~ers in solution and 
intrinsic viscosity, Alfrey, Bartovics, and Mark (2) have predicted that in an 
energetically unfavorable solvent, the polymer segments will attract each 
other and will reduce the polymer-solvent contacts. The intrinsic viscosity 
should then be low and the mixing process should be endothermic, i.e. A I L  > 0. 
However if a s o l v e ~ t  is energetically more favorable, the intrinsic viscosity 
should be higher and the mixing process, exothermic. According to their in- 
vestigations and those of others (1,7) on the viscosity, a t  various temperatures, 
of linear polymers in different solvents, these predictions were essentially 
correct. Here the values of B along with the intrinsic viscosities were deter- 
mined a t  one low concentration for two samples of polyvinyl acetate in six 
solvents to verify previous work on viscosity behavior of the same polymer 
in the same solvents (6) and the predictions of Alfrey, Bartovics, and Mark. 
Furthermore, the variation of B was studied in the low concentration range 
for one poor and for two good solvents of polyvinyl acetate. 

EXPERIMENTAL 

An unfractionated sample of polyvinyl acetate of average molecular weight 
145,000 was provided by  Bakelite Corp. Fractions of the same polymer were 
obtained through the kindness of Dr. Sheffer of the Defence Research Board 
of Canada. The samples of polymer were kept under vacuum over phosphoric 
anhydride. The solvents used were rectified through a high efficiency distilling 
colunln (13) and stored over "Drierite". 

Intrinsic viscosities were measured by a method described in a previous 
paper (6). Flow time for benzene a t  25OC. was 128.7 sec. and the concentration 
range studied extended from 0.2 to  1.0 gm. per 100 ml. 

The heats of mixing were measured with a conduction microcalorimetric 
system which was originally designed by Tian (16) for measuring very small 
quantities of heat evolved in very slow phenomena. This apparatus was 
further modified by Calvet (4) by the introduction of a differential system 
which gave higher sensitivity and a greatly lengthened period of operation 
(one week or more). 

The microcalorimeter used here was of the Calvet modification type and 
comprised two cells, each having 144 iron-constantan thern~ocouples, connected 
differentially through a high sensitivity galvanometer and a switching arrange- 
ment providing three sensitivities. 

As shown by the Tian equation (16) the measurement of heat evolved is 
made by integrating the area under the curve of galvanometer deflections 
versus time. These defections were recorded by a photographic drum or by a 
Beckman "Photopen" photoelectric light spot follower described by Pompeo 
and Penther (12). The areas were measured with a planimeter. Calibration 
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194 CANADZAA' JOURN.4L OF CHEMISTRY. 1'OL. 32 

was effected by passing a knowil current through a mallganin resistor ilninersed 
in a liquid in the calorimeter cell. Results of calibrations for a paper speed of 
10-16 cm. per hour are given in Table I. The accuracy was limited to f 0.5% 

TABLE I 
I 

Sensitivity Calibration factor 
in use ill cal. per c m 2  

by the reproducibility of galvanon~eter deflections in the range of relatively 
high heat exchanges, i.e. 0.1, 0.8, and 2.0 calories per hour a t  the high, rnedi~lm, 
and low sensitivities respectively. For still smaller evolutions of heat the 
limiting factor lies in the determination of the area under the deflection-time 
curve which can be measured to ~ t 0 . 0 2  cm2. Thus i t  call be seen from Table IV 
that for the smallest value of AHAI  of -0.020 cal., which corresponds a t  high 
sensitivity to 4.5 cm." 0.02 ~ m . ~  contributes an error of ~ 0 . 5 % .  This coupled 
with the possible galvanometer error gives a maximum error of lye. For 
higher AH'S the error would tend towards 0.5y0. 

The method used for mixing solvent and solid polymer has been described 
by Calvet (3) and a new method has been developed when the polymer is not 
a compact solid (5). The  volume of solvent varied between 6 and 8 ml. and the 
mass of polymer used was from 8 to 224 rngm. 

LOW 
Medium 
High 

RESULTS 

Table I1 shows the intrirlsic viscosities along with the quantities B calculated 
from equation [ I ]  for a fractionated sample of polyvinyl acetate (M.W. 135,000) 

0.0870 r .0004 
0.0324 F .00015 
0.00416 F .OW02 

TABLE I1 
HEAT O F  MIXING AND INTRINSIC VISCOSITl- OF POLYVINYL ACET.4TE Ih' 

VARIOUS SOLVENTS 

a t  25°C. in six solvents. Thc values of B are given for one concentration only 
( I  gram of polymer in 1 mole of solvent). The densities of the solvents have 
been calculated from the International Critical Tables and the density of 
polyvinyl acetate has been taken as 1.17 (11). The relation between B and 
[tl] is illustrated by the curve in Fig. 1. 

Chloroform 
Ethylene chloride 
Chlorobenzene 
Benzene 
'Toluene 
Methanol 

-0.885 
-0.252 
-0.092 

0.016 
0.119 
1.046 

-12.5 
- 3.7, 
- 1.50 

0.642 
1.53 
7.9, 

1.06 
0.917 
0.767 
0.713 
0.509 
0.448 
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Intr insic Viscosity 

FIG. 1. Variation of parameter B with the intrinsic viscosity for pdyvinyl acetate in 
different solvents. 

The results of the study of the pkrameter B in the low concentration range 
are given in Tables 111, IV, and V for a fraction of polyvinyl acetate (M.W. 
85,000) in methanol and ethylene chloride and for another fraction (M.W. 
58,000) in s-tetrachloroethane. Figs. 2-7 show the curves obtained from these 

TABLE I11 
HEATS OF MIXING POLYVINYL ACETATE I N  METHANOL AT 25.Z°C. 

(M.W. 85,000, FRACTIONATED) 

( AHM, cal. 
I I Va, ml. AHA</%[ I B,cal.  p r m l .  
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TABLE IV  
HEATS OF AIIXING POLYVIXYI, ACETATE I N  ETHYLENE CHLORIDE AT 2.5.2OC. 

(R.I.W. 85,000, FRACTIONATED) 

AHnr, cal. B, cal. per ml. - - 
-3. l o  
-3 20 
-3 4, 
-1.00 
-3.8, 
-3.24 
-3.11 
-3.01 
-3.08 

TABLE V 
HEATS O F  I I I X I N G  O F  POLYVINYL ACETATE I N  S-TETRACHLOROETI-IANE AT 25.2OC. 

(M.W. 58,000, FRACTIONATED) 

I 
- 

I I 1 

FIG. 2. Heats of m i x i n g  of polyvinyl acetate (Iv1.W. 85,000, fractionated) in methanol a t  
25.2"C. 

FIG. 3. variation of B with @ for polyvinyl acetate (h4.W. 85,000, fractionated) in methanol 
at 25.2"C. 
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results. In  Figs. 2, 4, and 6 we have used Q, instead of @ ( I  - @) because in 
this range of concentration + 2 2 ( 1  - +). 

FIG. 4. Heats of mixing of polyvinyl acetate (M.W. 85,000, fractionated) in ethylene chloride 
a t  25.2"C. 

FIG. 5. Variation of B with O for polyvinyl acetate (M.W. 85,000, fractionated) in ethylene 
chloride at 25.2"C. 

"0 
II - r 
; 15 
a 

m 
- 
I - 10 

FIG. 6. Heats of mixing of polyvi~lyl acetate (M.W. 58,000, fractionated) in s-tetrachloro- 
ethane at 25.2'C. 

FIG. 7. Variation of B with O for polyvinyl acetate (M.W. 58,000, fractionated) in s- 
tetrachloroethane a t  25.2'C. 
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DISC[-SSIOK 

I t  has been shown here experimentally that  the relation between the heat 
of mixing and the intrinsic viscosity predicted by Alfrey, Bartovics, and RiIark 
is correct. Referring to Table 11, i t  can be seen that  for "acidic" solvents (in 
the sense of Lewis' theory), such a s  chloroforn~, ethylene chloride, and chloro- 
benzene, the mixing process is exothermic. A negative heat of mixing is usually 
explained by solvation, i.e. there is a strong attraction between solvent and 
solute. Molecules of acidic solvent are fixed t o  the polymeric chain by the 
"basic" cnrbonyl groups in polyvinyl acetate; thus the contacts between 
segments in the chain are hindered and the n~acromolecule assumes a less 
compact form causing high values of the intrinsic viscosity. In  a neutral 
solvent such as benzene, AH,, is very small, indicating that  the values of the 
solubility parameters of the two substances are very close (6). In toluene and 
in methanol, which is a "basic" solvent, AH,,f is positive and the values for 

are lower. This is explained by  the more compact form of the polymer 
molecules in solution in these solvents. Results very similar to  those in Table I1 
were obtained for the unfractionated sample of polyvinyl acetate of average 
molecular weight 145,000 both a t  25 and 35°C. 

The  results obtained on the heats of mixing of polyvinyl acetate in methanol 
a t  different concentrations (Table 111, Figs. 2 and 3) show tha t  when AHM is 
positive the theory of Van Laar, Scatchard, and Hildebrand holds a t  high 
dilutions, i.e. parameter B is constant. However, as  the concentration increases, 
B decreases. When the mixing is exothermic the results are rather surprising 
as the curves (Figs. 4 and 6) possess an inflection point in the low concentra- 
tion region. This particular behavior was established by repeating the experi- 
ments several times with utmost care to  avoid any  fort~ritous error. For ethyl- 
ene chloride, Table IV and Fig. 5 show that  the absolute value of B increases 
to a maximum a t  (I, = 0.45 X This  phenomenon is also illustrated by 
the inflection point in the curve of the heats of mixing per ml. vs. (I, (Fig. 4). 
Similar results were obtained with s-tetrachloroethane (Table V, Figs. 6 and 7), 
but the maximum absolute value for B occurs here a t  (I, = 0.17 X lo-?. 
Apparently there is a critical concentration (14) in a given polymer- 
solvent system for exothermic mixing a t  which B goes through a minimum 
value. 

Streeter and Boyer (15) also observed a critical effect on the viscosity of very 
dilute solutions of polystyrene in toluene. They found that  reduced viscosity 
decreases linearly as concentration is lowered from 1.0 to  0.1 gm. per 100 ml. 
and then increases with further dilution. They have accounted for the phe- 
nomenon by the fact that  a t  medium and high concentration, polymer 
molecules are closely packed together and the solution is continuous. But if 
the mixture is diluted a critical concentration is reached a t  which the macro- 
ruolecules do not touch each other and the solution becomes discontinuous. 
In other words a t  very low concentration, the polymer molecules are free in 
their movements and a t  high concentration they are  entangled. The concentra- 
tion region through which B varies rapidly apparently corresponds to the 
change in structure of the polymer in solution. 
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ORGANIC DEUTERIUM COMPOUNDS 
X I .  S Y N T H E S I S  OF  1 -CHLORO-1-ALKYNES  A N D  1-CHLORO-1-PROPYNE-d3'  

A B S T R A C T  

Dehydrohalogenation o f  cis-1,2-dichloro-I-alkenes, RCCI=CHCI, wi th  
potassiunl hydronicle in butanol has been used t o  prepare a number o f  new 
1-chloro-1-alkynes, viz. 1-chloro-1-propyne-da, 1-chloro-1-propyne, l-chloro-l- 
butyne,  and 1-chloro-1-pentyne in good yields. T h e  last three compounds were 
also prepared b y  chlorination of 1-propyne, 1-butylie, and 1-pentyne with 
sodium hypochlorite. 

INTRODUCTION 

The synthesis of several deuterated organic compounds of potential use in 
molecular spectroscopy has been reported in previous papers of this series 
(9, 10, 11). We have now synthesized nor~nal and deuterated 1-chloro-1- 
propyne for further investigations in this field, which will be reported in this 
journal in a separate paper by Bernstein and Davidson (1). 

As a class, the I-chloro-1-alkynes have not been studied as extensively as 
other chlorinated hydrocarbons. In 1931, Truchet (18) obtained l-chloro-l- 
hexyne (I) from benzenesulphonyl chloride and the sodii~m derivative of 
hexyne-1 instead of the expected sulphone (11). 

This result is not surprising in view of the charge distribution between the 
sulphur and chlorine atoms in sulphonyl chlorides (111). 

1-Hexyne, 1-octyne, and 1-nonyne reacted sil~lilarly. These chloroalkynes 
were later prepared by the same method by Pflaum and Wenzke (15) for dipole 
moment measurements. Cleveland, Taufen, and Murray (3) failed to obtain 

Manuscript received Janiiary 28, 1954. 
Contribzition front the Division of Pure Clzenzistry, National Research Council, Ottawa, 

Canada. Issued as AT.R.C. No. 3247. 
Preselrted at the annual meeting of the Royal Sociely of Canada, London, Ontario, i n  June,  

1953. 
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dlORSE AND LEITCH: ORGANIC DEUTERIUM COMPOLiNDS. XI 501 

1-chloro-1-propyne from sodium methyl acetrlide but an impure product, 
b.p. 37 to 41°C. was isolated in low yield using the magnesium derivative. 
In the present work, I-chloro-1-propyne was actually obtained by Truchet's 
method but only in 10% yield; no improvement was observed using p-toluene- 
sulphonyl chloride. 

Another synthesis of I-chloro-1-alkynes was reported by McCusker and 
Vogt (13). These authors prepared the potassium derivative of I-heptyne in 
the usual manner and chlorinated a suspension of the solid in ether a t  -70°C. 
The yield of 1-chloro-1-heptyne was good, but the rate of adding the chlorine 
was an important factor affecting the yield. This method appeared unpromising 
to us and was not tried. Chlorination of the lithium derivative, however, 
might be advantageous. 

According to Strauss, Iiollek, and Hauptmann (17), the methine or acetyl- 
enic hydrogen is replaced by bromine when heptyne-1 is shaken with alltali 
hypobromite; the reaction with hypochlorite was reported to be too slow to 
make this method a useful preparative route to 1-chloro-1-alkynes. However, 
vinylacetylene is reported to give 60 to 65% yields of 1-chloro-3-butene-1-yne 
when shalten a t  O°C. with aqueous sodi~lm hypochlorite for 16 hr. (8). There is 
also a reference to the chlorination of the methine hydrogen in propargyl 
alcohol by aqueous sodium hypochlorite by Copenhaver and Bigelow (4). 
In the present work, it was found that propyne, butyne-1, and pentyne-1 
were converted into the corresponding 1-chloroalltynes a t  approxi~nately the 
same rate when stirred for 80 hr. with 10% sodium hypochlorite. While slow, 
the reaction is satisfactory, partic~~larly for the preparation of l-chloro-l- 
pentyne. 

Theoretically, this reaction may proceed by a carbanion, a carbonium ion, 
or even a free radical mechanism. Of these alternatives, we believe the car- 
bonium ion mechanism shown below is the most probable. 

+ - C1+ + 
RC=CHt tRC=CH+RC=CHCl-+RC=CC1 f H+ 

Electrophilic attack of the positive chlorine ion on the resonance hybrid (IV) 
gives the carbonium ion (V) which is converted into the 1-chloroalkyne by 
loss of a proton. A free radical mechanism appears to us ruled out by the 
failure to isolate any product other than the chloroalkyne. A carbanion mech- 
anism, though improbable, cannot be excluded 011 the basis of the present 
experiments. In this connection, i t  is proposed to investigate the behavior 
of other 1-alkynes with sodium hypochlorite a t  some future date, as syntheses 
of suitable alltynes will first have to be devised. 

Although dehydrohalogenation has been widely used in the preparation 
of acetylenic hydrocarbons (6), there are few references to  its application to  
the synthesis of chloroalkynes (2, 5). 1-Bromo-1-propyne was prepared in 
25% yield (12) by dehydrohalogenation of 1,1,2-tribromopropane. No doubt, 
one of the reasons this method has not been exploited in the past has been the 
inaccessibility of the required 1,2-dichloro-1-alkenes, RCC1 =CHCI. In 
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a previous paper of this series (9), the preparation of cis- and trans- 
1,2-dichloro-1-propene and their deuterated analogues was describecl. I t  
was felt that these compounds might serve as starting materials for the syn- 
thesis of 1-chloro-1-propyne, depending upon the inanner in which hydrogen 
chloride is split off by alcoholic alkali. 

When cis-1,2-dichloro-1-propene was added to a boiling solution of potassium 
hydroxide in butanol, a liquid (b.p. approx. 32OC.) distilled over which was 

FIG. 1. Vapor pressure of 1-chloro-1-propyne and of 1-chloro-1-propyne-d3. 
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identified by its inass spectrum as 1-chloro-1-propyne. The alternative pro- 
duct, 1-chloropropadiene (CH = C = CHCI), was recently reported by Jacobs 
and Brill (7) and boils a t  44OC. The product, b.p. 32"C., was identical with that 
obtained by chlorination of propyne with sodium hypochlorite. By treating 
cis-1,2-dichloro-1-propene-dr in the same manner, the corresponding deuterated 
chloropropyne was obtained. 

The vapor pressures of 1-chloro-1-propyne and its deuterated analogue were 
measured by the method described in earlier papers of this series (9, 10, 11). 
The values obtained a t  various temperatures were then plotted logarith~llicall~ 
to give the curves shown on Fig. 1. For temperatures below 1G0C., the results 
were expressed by the equations 

log,, 9 (mm.) = - (1.480 X 103)/T + 7.740 
and 

log,, p (mm.) = - (1.487 X 103)/T + 7.782 

for CH3C=CC1 and CD3C--CCl respectively. 
The structure of 1-chloro-1-propyne was proved by chlorination a t  O°C. 

to 1,1,1,2,2-pentachloropropane identical with the product recently reported 
by Nesmayanow, Friedlina, and Firstov (14). Furthermore, dehalogenation 
of the pentachloropropane with zinc dust gave 1,1,2-trichloro-1-propene. 
trans-l,2-Dichloro-1-propene reacted much more sluggishly than the cis- 

isomer and was largely recovered after refluxing for a long period. This 
observation is in agreement with those of other workers who have investigated 
the dehydrohalogenation of 1,2-dichloroethylene (2) and of l-ethoxy-l- 
chloro-1-propene (5). In each case, the cis form showed a corlsiderably greater 
rate of reaction due also to trans elimination. 

Dehydrohalogenation of cis-1,2-dichloro-1-butene and of cis-1,2-dichloro-1- 
pentene likewise gave 1-chloro-1-butyne and 1-chloro-1-pentyne respectively. 
These products were also identical with those obtained from the chlorination 
of 1-butyne and 1-pentpne by sodium hypochlorite. 

The synthesis of these new chloro alkynes now completes the series to Cg. 

EXPERIMENTAL 

1 - Chloro-1 -pro@yne 

cis-1,2-Dichloro-1-propene (36.0 gm.) prepared as in (9) was clissolved 
in 20 ml. of n-butanol and added dropwise to a refluxing solution of 25 gm. 
of potassium hydroxide in 300 ml. of n-butanol during stirring with a magnetic 
bar. Water entering the reflux condenser was precooled to 5OC. by circulation 
through a copper spiral immersed in ice water in a Dewar flask. By this means 
loss of the volatile 1-chloro-1-propyne was avoided. After addition of the 
halide, the reaction mixture was cooled to O°C. and the reflux condenser was 
replaced by a 12 in. Stedman colunln and a still-head. The 1-chloro-1-propyne 
distilled as an azeotrope, b.p. 31 to 32OC. I t  was dried by distillation through 
a U-tube containing phosphorus pentoxide on a vacuum line. Redistillation 
through the Steclman column gave a product, b.p. 32.8 to 33OC., n: 1.4131 
in 68% yield. The mass spectrum showed two strong peaks a t  74 and 76. 
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This compouild was prepared from 36.4 gm. of cis-1,2-dichloro-1-propene-d4 
in exactly the same manner. The yield was 19.4 gm. (78.5%) of product b.p. 
31.'i°C. a t  750 mm., n g  1.4105. Mass spectronletric ailalysis: 98.17 atom % D. 

(a) Dehydrochlorination method.-cis-l,2-Dichloro- I-butene (20 gm.) (pre- 
paration to be described in a forthco~ning paper) gave 13.2 gm. (93.5%) of 
I-chloro-1-butyne, b.p. 63-64.5"C., n: 1.4221. The inass spectrum showed two 
strong peaks a t  88 and 90 corresponding to the two chlorine isotopes. 

( b )  Hypochlorite method.-A solution of sodium hypochlorite prepared on 
one tenth the scale reported by Smith and McLeod (16) was attached to a 
vacuum line which was then evacuated. I-Butyne was introduced from a 
gasholder into the apparatus. After four days' stirring, all the butyne had 
been absorbed and there was a layer of oily liquid above the hypochlorite 
solution. This upper layer was separated, dried over phosphorus pentoxide 
on the vacuum line, and fractionated. Four liters of unreacted 1-butyne were 
recovered. The I-chloro-1-butyne had b.p. 63.5-64.5"C., ng 1.4210. Yield: 
76%. 

(a) Dehydrochlorination method.-cis-l,2-Dichloro-I-pentene (8.5 gm.) which 
was prepared by a method to be reported in a forthcoming paper was treated 
as described for the lower homologues. I t  gave 6.0 gm. (96%) of 1-chloro-1- 
pentyne, b.p. 91.5-92.0°C., n: 1.4302. Calc. for CSH7CI: C1, 34.56%. Found: 
Cl, 33.58%. 

(b) Ilypochlorite method.-A mixture of 34.0 gm. of pentyne-1 and 800 1111. 
of sodium hypochlorite \vas stirred with a magnetic bar for 180 hr. The upper 
layer was then separated, dried, and fractionated. I t  gave 29.2 gin. (76.5%) 
of 1-chloro-1-pentyne, b.p. 91.5-92.0°C., n: 1.4302. 

A solution of 14.0 gm. of I-chloro-1-propyne in 50 ml. of methylene chloride 
was placed in a 100 ml. flaslr equipped with a cold finger condenser cooled with 
dry ice. Chlorine was introduced through a side-arm while the reaction mixture 
was kept a t  0" in the dark. Five liters of chlorine were introduced in three 
hours. The mixture was allowed to stand a t  room temperature overnight, 
the volatile material was then removed under vacuum, and a white residue 
remained. Sublimation on a vacuum line gave 34.8 gm. (85% yield) of white 
solid, which after recrystallization from 15 ml. of petroleum ether gave 25.0 
gm. of product n1.p. 179-180°C., identical with the value reported in (14) for 
1,1,1,2,2-pentachloropropane. Dehalogenation with zinc dust in ethanol 
gave a liquid b.p. 114-5"C., n2 1.4827, identical with the values reported for 
1,1,2-trichloro-2-propene obtained by the dehydrohalogenation o f .  1,1,2,2- 
tetrachloropropane (9). 
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SOME OBSERVATIONS ON DETERMINING DENSITY 
OF FLUIDS BY THE FALLING DROP METHOD' 

ABSTRACT 

The shape of the calibration curve obtained with a conln~ercial Falling Drop 
apparatus has been investigated for drops varying in viscosity and surface 
tension and in media of varying solvent power. Drop velocity affects drop shape 
when the viscosity of the drop substance is low, and drop volume when the 
medium exerts solvent action on the drop. "End effect" appears to be significant 
even when "wall effect" is large. 

INTRODUCTION 

The falling drop method has been used frequently to determine the density 
of fluids (3, 6, 8, 13). With most materials, ~lonlinear calibration curve- s were 
obtained. In a previous study (13), the parabolic calibration cur-ve for methyl 
esters falling through aqueous ethanol was found to be steeper than that for 
glycerides and appeared to cross the curve for glycerides a t  high drop velocities. 
Drops of glycerides fell a t  constant rates through different portions of the 
tube. I n  contrast, the rate of fall of drops of methyl esters was observed to 
decrease with depth. This effect was reduced by saturating the inedi~im with 
drop substance and increased by using acetonitrile instead of ethanol in the 
medium. Possible causes of these effects are being reported here. Although 
some of the characteristics are peculiar to the systems studied, others are of 
general interest. 

The application of Stokes' law to solid and liquid spheres falling through a 
finite medium and factors affecting their rates of fall have been well sum- 
marized by Merrington (11). Two factors which have not been considered 
previously and which may also affect rate of fall are the shape of the drop 
and the solvent,power of the medium. The  shape of a drop is a function of its 
viscosity, surface tension, and velocity. A t  high rates of Fall, the drop would 
be expected to  assume a prolate spheroid shape and a t  low rates of fall, or a t  
rest, to become oblate, the sirface tension and viscosity of the drop substance 
opposing the changes in shape. In  addition, when the medium exerts solvent 
action on the drop, diffusion into and out of the drop occurs. 

PROCEDURE 

A commercial "Falling Drop Apparatus" (Fisher Scientific Co.) was used 
in the investigation. The  media in the tubes were kept a t  25 f 0.003" C. by 
pumping distilled water through the jacket froin a constant temperature bath. 
Auxiliary sighting marks were inscribed on the tubes, 5 cm. above and below 
the regular marks, to permit measurement of rate of fall over a variety of 
distances. 

1 Manuscript received Decetrtber 51, 1955. 
Contribulion from the Diz~ision of Applied Biology, Nalional Research Laboralories, 

Ollawa. Isszred as N.R.C. No. 5850. 
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SIMS: DEhlSITY OF FLUIDS 507 

The materials used in this study were sanlples of linseed oil that had been 
thermally poly~nerized to various extents and methyl esters of C18 fatty acids. 
The media were aqueous solutions of either acetonitrile or ethanol, selected 
to produce desired rates of fall. Details of the technique have been published 
elsewhere (13). 

Photographs of falling drops of triglyceride oils and metl~yl esters were 
taken through plane glass surfaces set parallel to  the camera lens and film. 
To permit comparison of a drop a t  the beginning and end of its fall, both 
images were recorded on the same negative. Shape and area of the images 
were measured on 12-fold enlargements and the volumes of the corresponding 
solids of revolution were calculated from the axes of each drop. 

Interfacial tensions were measured a t  25 4 0.5" C. using a Cenco-du Nuoy 
tensiometer. 

EXPERIMENTAL AND RESULTS 

Behavior of the Drop  

Deceleration of a drop during its fall could be caused by one or all of the 
following factors: reduction in radius due to diffusion of drop substance into 
the medium, decrease in density difference caused by diffusion of fat solvent 
from the medium into the drop, change in shape of the drop. Since falling 
drops of methyl ester decelerated even when the m e d i ~ ~ m  was saturatecl with 
drop substance and the difference in rate of fall in the saturatecl ant1 un- 
saturated medium was insufficient to change the shape, it can be inferred that 
diffusion into and out of a drop takes place. 

The effect of drop velocity on the shape of the drop was investigated for 
glycerides and esters using drops of constant size falling through media of 
different densities. Photographs of drops falling a t  slow and fast rates taken 
a t  the start and end of the timing zones were compared. They showed that  
drops of glycerides were spherical on release and retained their shape a t  
velocities as high as 3 cm. per sec. Drops of ester were oblate on release but  
approached spherical shape on gaining speed, and a t  velocities greater than 
1 cm. per sec. were spherical. However, even a velocity of 1.5 cm. per sec. did 
not cause a drop of ester to become prolate. Representative photographs of 
drops are shown in Fig. 1. 

Volumes were calculated from the axes of the drops with an accuracy of 
flyo in each case. A glyceride drop, falling a t  0.6 cm. per sec., did not change 
in volun~e. However, when the velocity was 3.0 cm. per sec., its volume in- 
creased by 7y0. With esters falling through unsaturated media, the volume 
increased 4% a t  a speecl of 0.6 cm. per sec. and 9y0 a t  1.5 cm. per sec. When 
the medium was saturated wit11 ester, the drop fell a t  a rate of 0.95 cm. per sec. 
and increased in volume by 19y0. 

Investigation of E n d  Effect 

To determine whether adequate allowance for "end" effect had been made, 
rate of fall was determined using the additional sighting marks. The data 
(Table I ) ,  for triolein falling through aqueous ethauol, show that the lower 
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FIG. 1. Photographs of drops falling a t  a velocity of 0.66 cm. per sec. 
a. Triolein, drop volume 0.01 cm3. 
b. htcthyl erucate, drop volume 0.005 c1n5. 

TABLE I 
EFFEC-I- OF END ZONE ON FALLING TIME 

Interval, 
c ~ n .  -- 
30 
30 
35 
40 
35 
30 
20 

Time, 
sec. 

45.7 
45.6 
53.5 
61.4 
53.5 
45.7 
30.2 

Length of end zone, cm. 
Rate, 

c~n./sec. 

0.656 
0.658 
0.654 
0.651 
0.654 
0.656 
0.662 

TOP 

12* " 

7 
7 

12 
17 
17 

Bottom 

7% 
12 
7 
2 
2 
2 

12 
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SIMS: DENSITY OF FLUIDS 509 

the starting point and the higher the finish line, i.e. the longer the end zones, 
the faster the measured rate of fall. A statistical analysis of the claia, not 
included here, has shown that  these differences are significant. 

Attempts to  circumvent "wall" and "end effects" by use of wider tubes 
failed. Under these conditions, the drops fell in an  irregular manner, presumably 
because of convection currents. 

Interfacial Tension 

The interfacial tension between linseed oil and 61% etllanol was 5.9 and 
6.9 dynes per cm. respectively for unheated oil and oil heated 20 hr. a t  280' C. 
The tension between surfaces of methyl erucate and 77% ethanol was 2.1 
dynes per cm. 

DISCUSSION 

When falling time was plotted a s  an  arithmetic function of density difference 
between drops and media, parabolic curves were obtained: y =  3 + 0 . 4 7 ~  
+ 0.0015x2 for glycerides and y = - 2 + 0 . 5 ~  + 0.0064x"or esters (13). 
Although the curve for esters was of the same form, it crossed the glyceride 
plot a t  high drop velocities. 

The  parabolic form of the arithmetic plot suggests that the velocities used 
were too great. Since the velocities correspond t o  Reynolds numbers ranging 
from 22 down to 3, with 9 an average value, the flow of medium was generally 
not streamlined. Although turbulence should be avoided, slower rates of fall 
could not be used with the apparatus employed because of larger coefficient of 
variation in longer falling times. However, when the time of fall of various drops 
wascalculated in three ways using Allen's ( I )  generalized equation for the motion 
of a sphere in a viscous medium, and the Waclell equation (14) and Newton's 
equation for the intermediate region of the flow, the results showed tha t  
introduction of a squared velocity term still left anomalies. The shape of the 
plots can therefore be attributed t o  a combination of excessive velocity and 
the following constant errors associated with the falling drop method: 
tangential velocity within the drop, nonspherical shape, "wall" and "end" 
effects, and the influence of the medium on the drop. 

Internal Tangential 17eZocity 

The  viscosity of the drop substance in combination with the surface tension 
determines the magnitude of the internal tangential velocity and the shape of 
the drop. The ratio of the viscosity of glycerides and C1B esters to  that of the 
media is 25 and 5 respectively and the value of the respective interfacial 
tensions 6.5 and 2.1. Therefore, according to  Bond (I), a drop of glyceride 
behaves as i f  i t  were solid. Esters, however, having approximately one-tenth 
thc viscosity of glycerides, could have their drop velocity accelerated by a 
factor of 1.1. However, a s  Bond later pointed out (5), the interfacial tension 
between drop and medium may be sufficient to  reduce this acceleration. If 
the radius of the drop is smaller than a critical radius, the drop behaves a s  a 
solid even though its viscosity is less than that  of the medium. As the critical 
radius for methyl erucate was three times the actual radius, a drop of ester 
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should not be accelerated. However, the drops were travelling-rapidly, causing 
increased tangential velocity and the critical radius may well have been less 
than the calculated value. Such was the case when Miyagi's (12) value for the 
critical radius of air in water was compared with the value calculated using 
Bond's expression. This effect might therefore partially account for the ester 
line apparently crossing the glyceride plot. 

Drop Shape 
Photographs showed that drops of glycerides were i-ouncl a t  all velocities 

studied and that drops of ester (lower viscosity and surface tension).clid not 
assume spherical shape until they fell a t  velocities greater than 1 cm. per sec. 
This change in shape could account for the upward bend of the ester curve a t  
low velocities and the apparent crossing of the glyceride plot. 

" bVall and End  Effect" 
The magnitude of the "wall" and "end effects" was estimated by calculating 

the velocities of a drop of linseed oil and methyl erucate using Stoltes' law, 
Ladenburg's (9, 10) modification of it, and Bacon's (2) adaptation of 
Faxen's (7) correction. The following results were obtained. 

hslethyl erucate 1 2.34 1 1.38 1 1.05 1 0 .67  

Drop substance 

Linseed oil 

These results indicate that "wall" and "end effects" are significant and that,  
with triglycerides, the Faxen correction is applicable even a t  high drop 
velocities. When the ratio of drop radius to tube radius is larger than 0.3, the 
Faxen correction becomes too great. Since the measured rate of fall was slower 
than the most severely corrected value, it might be inferred that "end elfect" 
is operative. The data in Table I also suggest, in contradiction of RIIerrington's 
statement, that "end effect" is appreciable when "wall effect" is large. They 
support Ladenburg's observation (10) that "end effect" is appreciable even if 
only the middle 50% of the tube is used as the timing zone. 

The influence of "wall" and "end effect" on the velocity of clrops of ester is 
about 7% less than on the larger glyceride drops. Hence, the ester falls faster 
than would be anticipated from consideration of drop radius alone. The  
diminished "wall" and "end effect" may be an additional reason for the 
apparent intersection of the ester and glyceride curves. 

Drop velocity, cm. per sec. 

Stokes 1,adenburg Faxen Measured - 1  1.96 1 , O r  o n b  0.64 

Another constant error was observed when methyl esters were used. Since 
esters are c o ~ n ~ l e t e l y  miscible with ethanol and acetonitrile, they might 
dissolve in the medium or the medium might diffuse into them. Because the 
rate of fall of methyl oleate through oleate-saturated 77% ethanol solution 
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SIMS: DENSITY OF FLUIDS 511 

still showed deceleration, the medium can be presuined to diffuse into the 
drop. Moreover, the increase in volu~ne of the drop, calculated from photo- 
graphs, was three times greater than when it fell thrdugh unsaturated medium. 
The more rapid deceleration in aqueous acetonitrile, in which esters are less 
soluble than in alcohol (13), can be explained by the larger diffusion co- 
efficient and lower specific gravity of acetonitrile. The failure of the Faxen 
correction with methyl erucate can therefore be attributed to deceleration 
caused by  solvent influence. 

With a commercial Falling Drop apparatus high drop velocities must be 
used. When the medium exerts solvent action on the drop, the resultant 
turbulent flow of medium affects the drop volume by increasing the mass 
transfer rate. Drop velocity also goverils the shape of the drop if the viscosity 
of the drop substance is sufficiently low. Excessive rate of fall is also directly 
responsible for part of the nonlinearity of the calibration curve. "Wall and 
end effect" are ,appreciable with apparatus of this type. However, the Faxell 
correction for "wall effect" appears to  be applicable a t  high drop velocities. 
"End effect" seems to be a factor even when "wall effect" is large. 
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ANALOGUES OF 2,2'-BIPYRIDYL WITH ISOQUINOLINE 
AND THIAZOLE RINGS. PART I' 

ABSTRACT 
Several analogues of 2,2'-bipyridyl, with isoquinoline, thiazole, and pyridine 

rings in vario~ls combinations, have been sy~~thesized, and the effect of substi- 
tuent groups in certain positions in the molecules studied with respect to their 
ability to react with cuprous and ferrous ion (the "cuproin" and "ferroin" 
reactions). The results agree with earlier work, and emphasize the desirability of 
two substituent groups "ortho" to the nitrogen atoms if a stable and sensitive 
cuprous ion reagent is wanted. The presence of one ortho substituent makes the 
reagent ineffective toward reaction with ferrous ion. Two of the compo~~nds 
synthesized had groups in positions which did not allow a coplanar cis configura- 
tion of the molecule, and only in these cases were dipicrates formed; this situation 
is explained by assuming that hydrogen bond formation between the nitrogen 
atoms is not possible. 

We have been engaged for some time in a study of compounds analogous t o  
2,2'-bipyridyl, with respect to  correlations between structure and the "ferroin" 
and "cuproin" reactions typical of this class of compounds. The examples 
we have prepared are illustrated below; to  conserve space they are referred 
to  subsequently in the text by Roman numerals. 

( ) - G H s  

N N 

XVI 

Alant~script receiaed Jan~inry 2 1 ,  1954. 
Contribution fronz the Department of Chemical Engineering, University of Toronto. 

Abstracted from the Ph.D. thesis of R. F.  Knott. 
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KNOTT A N D  BRECKEIVRIUGE: ANALOGUES OF 2,Z'-BIPYRID I'L 513 

These were prepared by conventional methods, those containing an  iso- 
quinoline ring by reaction of the appropriate pyridyllithium or thiazolyllithi~~m 
with isoquinoline or 3-methylisoquinoline, and the p)7ridyl-thiazole compo~~nds  
by ring-closure methods. 

In the course of the synthetic work, the bases were characterized by prep- ~. 

atation of picrates. I t  is well known that compounds such as 2,2'-bipyridvl 
and 1,lO-phenanthroline form onlj. monopicrates, for which a possible expla- 
nation might lie in the situation discussed by Mann and Watson (8) for some 
other types of molecule. This involved the effect of a proton attached to one 
nitrogen atom on the proton-attracting power of a second nitrogen atom. 
Ariother possible explanation in the present case is that a hydrogen bond may 
be formed between the nitrogen atoms by the first proton, but where the two 
rings are free to  rotate about the bond co~unecting thern they will presumably 
take up the coplanar trans configuration; this has been shown to be so for 
2,2'-bipyridyl by Cagle ( I )  and Fielding and LeFevre ( 5 ) .  In such a case the 
hydrogen bond would have to  be sufficiently strong to hold the ~nolecule in 
the cis configuration. In the present work, examination of molecular models 
has shown that  in two cases (compounds 111 and V) steric hindrance is such 
that i t  would be extremely difficult for the two rings to take up the coplanar 
cis arrangement, and thus a hydrogen bond is improbable; in agreement with 
the hydrogen bond theory, we have found that these two coinpounds are the - 
only ones which form dipicrates. The  ultraviolet absorption spectra of all 
the compouilds were cletermined in ethanol solution, and in a few cases in 
dilute acid, in the hope that in the latter a significant difference might appear 
between, for example, con~pounds I and 111. The  molar extinction coefficients 
a t  the wave length of maximuin absorption are given in Table I ,  and it is 
evident that  there are no anomalous results. 

TABLE I 
ULTR~VIOLET ABSORPTION SPECTRA 

I I 

Compound 

I 
I I 

111 
I v 
v 

VI 
VI I 

VII I  
IX 
X 

X I  
XI1  

XI11 
X I V  
X V  

XVI 

95% ethanol 
- 

1 ( m d  I ernax x loL3 

0.05 N HCI 

1 (mp) 
-- - 
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511 CANADZIN J O U R N A L  OF CHEMISTRY. VOL.  32 

We have investigated the reactions of the compounds ~vi th  fen-ous and 
cuprous ion; it was evident from their s t r u c t ~ ~ r e s  that  they could be divided 
into three classes: ( a )  those with one or two groups in positions "ortho" to  
the nitrogen atoms (IV, VI ,  VI I ,  I X ,  X ,  X I ,  S I I ,  X I V ,  X V I ) ,  which would 
be expected to  give only the cuproin reaction, (b) those with no "ortho" 
groups ( I ,  11, VI I I ,  X I I I ,  XV) ,  which should give both ferroin and cuproin 
reactions, and (c) those in which steric hindrance to  coplanarity of the rings 
is such as to preclude formation of any stable chelate product (111, V). The  
colorimetric work along these lines is sutnnlarized below. 

The nine compounds in class (a)  and two compounds ( I ,  11) in class (b) gave 
highly colored con~plexes with cuprous ion, extractable by isoamyl alcohol; 
the absorption spectra in the visible region are shown in Figs. 1 and 2. I t  may 
be seen that two "ortho" groups result in a complex with a higher extinction 

WAVE LENGTH, mp 

FIG. 1. Absorption spectra of copper complexes of compounds I, 11, IV, VI, VII, XIV. 

coefficient than if  only one or no "ortho" group is present, and that a methyl 
group is Inore effective than a phenyl. I t  might be supposed that  the  ortho 
groups would make the co~nplex more stable, for example toward oxidation 
of the cuprous ion. We hope to be able to report values for the stability con- 
stants of these complexes soon. The three class (6) compounds whose spectra 
are not given (VIII,  X I I I ,  XV) gave ~lnstable cuprous co~llplexes of low color 
intensity, emphasizing the point that  for a stable and sensitive cuprous ion 
reagent of this type, the t\vo "shielding" groups are apparently a necessity. 
Molecular ~nodels of these con~plexes show that with tetrahedral co-ordination 
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K N O T T  AND ERECKENRIDGE: ANALOGUES OF Z,Zf-BIPYHIDYL 

I I 

WAVE LENGTH, 77?? 

FIG. 2. Absorption spectra of copper complexes of compo~ulds IX, X, XI, XII, XVI. 

WAVE LENGTH. m y  
FIG. 3. Absorption spectra of iron complexes of compounds I, 11, VIII, XIII, XV. 
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of the two organic molec~~les around the cuprous ion, the latter is almost com- 
pletely shielded from view. I t  may also be seen that replacenlent of a pyridine 
ring by thiazole results in a lowering of the extinction coefficient; compare 
XI1 and XVI,  and IV and XIV. 

The five compounds in class (b), as expected, gave colored conlplexes with 
ferrous ion, the absorption spectra for ~vl~ich  are given in Fig. 3. With these 
complexes, replacement of pyridine by thiazole leads to a marked increase in 
extinction coefficient (compare I and XIII).  Previous work by Erlenmeyer (4) 
had shown that 2,2'- and 4,1'-bithiazoles gave no stable colored complexes 
with ferrous ion, and the result obtained in this work was solnewhat un- 
expected. 

The two compounds in class (c) gave no color with f e r r o ~ ~ s  ion, and with 
c~lprous ion gave ~lnstable yellow colors of low intensity. 

For convenience in comparing the extinction coefficients a t  the wave lengths 
of maximum absorption, these are given in Table 11. 

Compound 

v 
VI 

VII 
VIII 

I); 
X 

X I  
XI1 

XI11 
S I V  
XV 

XVI 

TABLE I1 
SPECTRAL DATA FOR IRON AND COPPER COhlPLBXES 

- -- - -- 

I Iron complex I Copper complex 

The ferroin reaction with the five class (b) compounds was investigated 
more fully, and values for their over-all stability constants calculated. Beer's 
Law was show~i to hold for I ,  11, and XII I ,  and the method of continuoils 
variations was used to confirm the probability that in the final complex there 
are three molecules of the reagent per ferrous ion. This was found to be the 
case with I and XV, and was assumed to be true for the others. To  a solution 
containing linown amount of ferrous ion were added increasing quantities of 
the reagent, and a curve was plotted relating absorbance and moles reagent 
per mole ferrous ion. This was done for I ,  11, XI I I ,  and XV; in each case K 
was calculated from a t  least three points on the curve, and concordant results 
were obtained. These of course neglect any light absorption due to tlie ferrous 
ion, which a t  the concentrations used was very small. For compounds I ,  11, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



K N O T T  A N D  BRBCKENRIDGE:  ANALOGUES OF 2,"-BIPYRIDYL 517 

and XV the solvent was 10y0 aqueous ethanol, buffered to pH 5.1, and for 
compound XI11 the solvent was GOTo acetic acid; the temperature was 28" C. 
The following values for log K were obtained: I ,  9.36; 11, 9.94; X I I I ,  8.50; 
XV, 11.53. 

Further work is in progress on the synthesis and examination of other 
coinpounds of similar type. 

EXPERIMENTAL 

All melting points are corrected: microanalyses by Micro-'Tech Laboratories, 
Skokie, Ill. (Table 111). A Beckmann Model DU spectrophotoineter was used 
for the colorin~etric work. 

Compoz~nds I ,  11, 111, I  IT, V ,  V I ,  V I I ,  X I I I ,  X I  17 
The  procedure for all these was essentially that  developed by Gilmail ancl 

co-workers (6); detailed directions are given below only for compound I. 
T o  a solution of 9.1 gm. (0.0577 mole) of 2-bromopyridine in 25 ml. ether 

a t  -40" C.  was added an  equimolar amount of n-butyllithiuin solution. T h e  . 

mixture was stirred gently for 15 min., and then 12.9 gm. (0.1 mole) of iso- 
quinoline in 25 ml. ether was added slowly. T h e  mixture was kept a t  -35" C. 
to -20" C. for four hours, with stirring. Slightly less than the equivalent 
amount of dilute hydrochloric acid was added to  effect hydrolysis, and the 
alkaline aqueous phase extracted with ether. After removing the ether, the 
red, oily residue was heated with 15 ml. of nitrobenzene a t  130" C. for one 
hour, after which the nitrobenzene was distilled off i n  vacuo (15 mm.). The  
residue distilled a t  135-145" C. a t  0.2 mm. pressure, giving a yellow oil which 
was purified by clecolorization and recrystallization from ligroine-ether, 
yielding 2.44 gm. (20.7%) of white crystals of 1-(2-pyridy1)isoquinoline. 

In four cases (11, 111, VI ,  X I I I )  the crude product could not be crystallizecl. 
With two of these (11, X I I I )  crystals were eventually obtained after conversion 
to the picrate, purification, ancl liberation of the free base. With the remaining 
two (111, VI) even this procedure failed to yield crystals, and the final product 
was obtained as an  oil after redistillation under high vacuum. 

Compound X  V I  
T o  a solution of phenyllithium prepared from 6.7 gm. (0.043 mole) of 

bromobeilzene and 0.625 gm. (0.09 mole) lithium in 50 ml. ether was added 
5 gm. (0.032 mole) of 2,2'-bipyridyl in 50 ml. ether. The  darlc red solution was 
stirred and refluxed gently for three hours, and allowed to  stand overnight 
a t  room temperature. T h e  mixture was hydrolyzed by cold dilute hydrochloric 
acid, and the ether layer further extracted with acid .The acid extracts were 
made alkaline and extracted with ether. After removing the ether, oxidation 
by nitrobenzene and vacuum distillation produced an  oil, b.p. 145-155" C.  
a t  0.2 mm. Crystallization from ligroine-ether gave 0.68 gm. (8.9%) of white 
crystals of 6-phenyl-2,2'-bipyridyl. 

2-Cyanopyridine, 2-Cyano-6-.methylpyridine 

T h e  procedure used by Craig (3) for the preparation of the former was ex- 
tended to the 6-methyl derivative, which was obtained as  white needles, 
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518 CANADIAN JOURNAL OF CHEMISTRY. VOL. 32 

111.p. 72-72.5" C., in 40% yield. Calc. for C7HsiYQ: N, 23.73%. Found: N, 23.93, 
23.86%. 

Pyridine-2-th.iocarboxamide, 6-Methylpyridine-2-thiocarboxnw~ide 

The procedure used by Icarrer (7) for the preparation of the former was 
used in both cases. The 6-methyl derivative was obtained in 70% yield as 
yellow-green plates, m.p. 103-104" C. 
Compozinds IX, X 

Chloroacetone was condensed with the two thiocarboxamides notecl above, 
following the procedure of Karrer (7) for coinpound X. 

Com- 
pound 

I 

I1 

111 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

* 

TABLE 111 

Con~pounds I-XVI Picrates 

Analyses 

Calc., % 

N, 16.10 

N, 15.61 

*C, 47.80 
H, 2.66 
N, 16.52 

N, 15.61 

C, 57.00 
11, 3.70 
N, 15.11 

*C, 48.56 
H, 2.91 
N, 16.19 

N, 15.11 

N, 15.11 

- 

N, 16.70 

- 

N, 14.55 

i- 
I Found, % 

16.15, 16.10 

15.55, 15.42 

48.01, 47.70 
2.62, 2.49 

16.54, 16.61 

15.87, 16.15 

57.55, 57.43 
3.51, 3.51 

15.33, 15.20 

49.03, 49.20 
2.83, 2.89 

16.27, 16.01 

15.20, 15.24 

15.57, 15.32 

- 

16.20, 16.43 

- 

14.62, 14.41 

Yield 

20.7% 

14.8y0 

29.2% 

24.4% 

16.0ya 

16.5% 

16.0Ya 

1% 

73.57, 

72% 

82% 

Calculated 

M.P., o c. 

74.5-75.3 

55.2-55.8 

b.p. 165" C. 
at0.351nm. 

75.6-76.3 

71.5-72 

b.p. 142" C. 
a t0 .15mm. 

75-75.6 

46-46.3 

93-93.3 

84-84.5 

127-127.5 

values for 

Analyses 

Calc., % 

C, 81.51 
H,  4.88 
N, 13.62 

C, 81.80 
H, 5.49 
hT, 12.72 

C, 81.80 
H, 5.49 
N, 12.72 

C, 81.80 
H, 5.49 
N, 12.72 

C, 82.01 
H, 6.02 
N, 11.96 

C, 82.01 
H, 6.02 
N,  11.96 

C, 82.01 
H, 6.02 
N, 11.96 

- 

C, 63.11 
H,  5.30 
N ,  14.73 

- 

C, 71.40 
H,  4.80 
N, 11.11 

dipicrate, ail 

Found, % 

81.42, 81.45 
5.01, 5.03 

13.46, 13.60 

81.79, 81.86 
5.53, 5.39 

12.60, 12.70 

81.70, 81.60 
5.72, 5.50 

12.60, 12.56 

81.72, 81.65 
5.59, 5.40 

12.64, 12.44 

82.13, 82.26 
6.13, 6.18 

11.76, 11.81 

82.03, 81.82 
6.25, 5.96 

11.86, 11.82 

81.96, 81.79 
6.19, 6.11. 

11.95, 12.10 

- 

63.04, 63.07 
5.24, 5.41 

14.28, 14.50 

- 

71.90, 71.76 
4.80, 4.86 

11.00, 11.10 

others for nzonopicrate. 

j M.P.. c. 

167.2-168 

161-161.5 

156-156.5 

177-177.6 

170-170.5 

140-141 

170-171 

162-162.5 

- 

191.5-192 

- 

203-203.5 C
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Conl- 
pound 

XI I 

XI11 

XIV 

xv 

XVI 

TABLE 111 (Cof~c ludcd)  
--- 

I 
Compound I-XVI 

1 Analyses 
. , 

1 Calc., % Foaild, % I -  - -  

l'icrates 

Calc., % Found, % 
- 
N, 14.98 14.51, 14.76 

Conzpozlnds X I ,  X I I  
A condensation similar to the above, but substituting w-cl~loroacetopl~enone 

for chloroacetone, was used. Since the procedures were identical, only that for 
XI1 is given. 

T o  a solution of 1.5 gm. (0.0108 mole) of pyi-idine-2-thiocarboxamide in 
10 ml. absolute ethanol was added 1.7 gm. (0.0110 mole) of w-chloroaceto- 
phenone; the mixture was refluxed for two hours, and after it had been allowed 
to stand overnight a t  room temperature, was refluxed for two more hours. 
The solution was evaporated to half its volunle and cooled; the precipitate 
which appeared was filtered and washed with dilute potassium hydroxide 
solution, and then crystallized from ligroine-ether. The white cubic crystals of 
2-(2-pyridy1)-4-phenylthiazole weighed 1.99 gm. (77y0). 

Compound VIII  
Pyridine-2-thiocarboxamide (5.1 gm., 0.037 mole) and ethyl a,P-dichloro- 

ethyl ether (5 gm., 0.043 mole) were dissolved in 40 ml. 75y0 ethanol. The 
solution was refluxed for two hours, concentrated to half its volume, ancl 
allowed to stand overnight. The tarry mixture was made alkaline with sodium 
carbonate, and steam-distilled until the distillate no longer gave a red color 
with ferrous sulphate; about 400 1111. of distillate was obtained. Ether ex- 
traction of the distillate resulted in a small quantity of yellow oil, which 
darkened slowly on standing, but finally crystallized. Sublimation gave 
0.032 gm. (1%) of white crystals of 2-(2-pyridy1)-thiazole. Analyses were not 
done, but the very great similarity of the ultraviolet absorption spectrum of 
the product to those of the closely related con~pounds IX and X left no doubt 
as to its structure. 
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Cornpozlnd X 1T 

A sample of 2-(w-bromo)acetylpyridine (3.5 gln., 0.0175 mole) was prepared 
froill 2-acetylpyridine by the method of Clemo (2). T o  this, dissolved in 50 1n1. 
absolute ethanol, was added 1.2 gm. (0.02 mole) of thioformamicle in 10 1111. 
absolute ethanol. A vigorous reaction ensued and the mixture became dark 
green; it was refluxed gently for four hours, made alltaline with potassiunl 
carbonate, and steam-distilled. A b o ~ ~ t  500 1111. of distillate was obtained, 
which deposited a few crystals on cooling. Slow evaporation producecl an 
additional amount of crystalline mat-erial, and purification by subli inat io~~ 
gave 0.503 gm. (18.570) of 4-(2-pyridy1)thiazole. 

Reactions with Cuprous I o n  

Standardized aqueous solutions of copper containing 5-30 p.p.m. arere 
prepared. 

T o  25 ml. of a copper solution of linown strength in a separating funnel was 
added s:~fficient hydroxylamine hydrochloride to I-educe cupric to C L I ~ ~ O U S  ion, 
and the pH was then adjusted to 6 with a sodi~~rn  acetate buffer. About 10 ml. 
of a solution of the reagent in purified isoamyl alcohol (containing about 
0.1 gm. of reagent) was added, and the contents of the funnel shaken vigor- 
O L I S ~ Y .  The aqueous layer was removed and the alcohol solution transferred to 
a 50 ml. volumetric flask. The aqueous layer was extracted with further 
portions of the alcohol solution until the extract was colorless, and the total 
alcohol extract was made up to 50 ml. Absorbance val~res were measured on 
the alcohol solutions, readings being talcen every 5 mp except near the maxima, 
where the intervals were 2 mp. Beer's Law was shown to hold for compouncl VI, 
readings being taken a t  480 mp with copper so l~~t ions  of different strengths. 

Reactions with Ferrous I o n  

Standardized aqueous solutions of iron were prepared containing 0.7- 
30 p.p.m. of ferrous ion. 

( a )  Method of Continuozls TTariations 

Since the reagents were colorless, and any absorbance due t o  ferrous ion in 
the concentrations used was negligible, curves were plotted of absorbance 
(the " Y" function) against "x". "X" ml. of reagent solution (0.001036 f i f )  

were added to (1 - x) ml. of ferrous ion solutioll of the same concentratioil, 
all solutions being buffered to pH 5.1. With the two compounds tested (I, XV) 
sharp nlaxinla were obtained a t  x = 0.75, i.e. the complexes were of the type 
FeR3*. 

( b )  Stability Constants 

Absorbances were measured of a number of solutions containing 25 ml. of 
0.0001945 M iron solution and varying an~ounts  of 0.01159 M reagent solu- 
tion, buffered to pH 5.1, and made up to 50 ml. a t  28" C. Readings were 
made a t  585 mp, and the results plotted. Calculation of the constant K = 

[FeRp]/([Feu] [RI3) was done for three points on the sloping part of the 
curve; the results obtained with I were: 2.22 X lo9, 2.37 X lo9, and 2.31 X lo9. 
The average value was 2.30 X lo9, or log K = 9.36. 
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IRRADIATION OF CHLOROFORM-WATER SYSTEMS WIT13 
C060 GAMMA-RAYS AND BETATRON X RAYS1 

ABSTRACT 

The production of acid from two commercial brands of chloroform, on exposure 
to Co6D garnma-rays and high energy X rays from a betatron, has been measured. 
Inhibitor-free chloroforn~ liberates acid in amounts varying linearly with the 
radiation dose. The specific yield, in micromoles of acid produced per liter of 
chloroform per kiloroentgen, varies inversely as  the square root of the dose rate. 
The specific yields are slightly less for betatron radiations, compared with Cot0 
gamma-rays. The average lifetime of the free radical chains is about one second. 

INTRODUCTION 

Polyhalogenated aliphatic and aromatic compounds arc radiation sensitive, 
decomposing chainwise to form halogen acids. The possibilities of adapting 
chloroform to make a satisfactory dosimeter have been extensively studied, 
especially concerning its use as a personnel dosimeter ( 5 ) .  

Commercial cl~loroforms of all grades contain inhibitors such as ethanol 
which must be removed if  high sensitivity to  X ancl gamma radiation is 
desired. Water ancl oxygen increase the sensi'tivity (2). The alcohol iseasily 
removed by multiple extractions with distilled water, and the resulting 
product, containing water and dissolved oxygen, is highly sensitive to X and 
gamma radiations. The washed chloroform is, however, sensitive to visible 
and ultraviolet light ancl decomposes on heating. The rate of acid production 
increases with increasing temperature and decreasing dose rate, and is energy 
dependent in the 50-830 kev. range ( 5 ) .  

The purposes of the present investigation were to determine the energy 
dependence, i f  any, of chloroforn~ to electromagnetic radiations from 1-24 
Mev. and to determine the nature of the dose rate dependence. 

hIATERIALS 

British Drug Houses AnalaR and Mallinckrodt Analytical Reagent chloro- 
form were used. Each was prepared for irradiation in the same way, by shaking 
10 times with equal volumes of distilled water in a separatory funnel. This 
procedure was followed to remove alcohol, generally included by the manu- 
facturers as a preservative. The washed chlorofornl was kept under a layer of 
distilled water, in a brown screw-capped bottle. No appreciable amounts 
of acid were produced during periods up to a week, nor did the radiation 
sensitivity change. At  least 12 hr. elapsed between washing and irradiating. 

The water used throughout was tap water distilled once in an all-Pyrex 
apparatus from an alkaline permanganate solution. Water reclistilled from 
alkaline manganous hydroxide suspension was used once, but no difference 
in the results was observed. B.D.H. bromcresol purple was used as an indicator. 

1 A.lan?~script received December 81, 1955. 
Contrib7ltion from the Departnrent of Chemistry, University of Saskatcheulan, Saskatoon, 

Saskatchewan. 
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H UdI.?IEL ET A L.: IRR.4 DIA TIOM OF CHLOROFORM-WA TER SYSTEMS 523 

EXPERIMENTAL METHODS 

For irradiations with CoeO gamma-rays, 3-ml. portions of chlorot~:::;: 
were pipetted into glass-stoppered 13 X 100 mm. Pyrex tubes, 2 ml. of 
distilled water were added, and the samples irradiated. The tubes were not 
shaken before or immediately after irradiating. After irradiation, the coiltents 
of a tube were poured into a 10-ml. Erlenmeyer flask and a glass-enclosed 
stirring magnet was added. The tube was rinsed twice with 1-ml. portions 
of distilled water, the rinse waters being added to  the flask. Ten drops of 
bromcresol purple solution (1.5 gm. per liter, pH about 3.5) were added, and 
the mixture titrated with ca. N sodium hydroxide solution from a micro- 
burette until the color of the indicator (just off yellow) matched that of a 
blank, the latter having received identical treatment except for irradiation. 
If the pH of the indicator solution had been any higher, the blank color would 
have been too far off yellow, i.e., the apparent pH would have been greater 
than about 5.2. I t  was not feasible to  titrate to a purple color (pH about 7.0) 
since in almost every case the purple color could not be obtained by treating 
irradiated samples with indicator, base, etc. The nonirradiated chloroform 
samples could always be taken to the purple color region. I t  appeared that  
the greater the dosage received, the more difficult it was to titrate to a purple 
end point. However, by having the blank a t  about pH 5.2, i t  was relatively 
easy to  obtain a color match. 

For irradiation with betatron X rays, 2-ml. portions of chloroform over- 
laid with 2 ml. distilled water were used. 

The irradiations were done a t  25 2°C. unless otherwise stated. 
TO determine the average lifetime of the chains leading to acid production, 

a rotating sector was used. This consisted of a steel cylinder, 12 in. long 
and 6$ in. in diameter, mounted on roller bearings and rotated, via a variable- 
speed motor and pulley system, a t  speeds from about 1-4800 r.p.m. Two 
sectors, 3.5 cin. deep, were cut out of the cylinder, each subtending an  angle 

400- 

1200 
DOSE. + 

FIG. 1. Irradiation of AnalaR CHC13 with Co60 and betatron radiations. Amounts of acid 
produced (Y)  a s  a function of Victoreen r.-meter readings, Ifr a t  various dose rates, V ,  per 
hour. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



524 CANADIAN JOURNAL OF CREAdZSTRY. VOL.  32 

of  60" a t  the center (see Fig. 7). Rotation rates were deter~nilled visually a t  
low speeds and with a tachometer or Strobotac a t  high speeds. The  calculated 
ratio of the dose rates in the "dark" and "light" periods was 0.00217. The  
measured ratio was about 0.014. The  difference is due presumably t o  scattered 
radiation from the walls of the room containing the 1000-c. source. 

RESULTS 

The  results of irradiations of B.D.H. AnalaR chlorofor~n are given in 
Table I and plotted in Fig. 1. All results are in terms of readings obtained 
on a Victoreen r.-meter, corrected for temperature and pressure effects. 
These readings were obtained with the sensitive volunle of the thimble 
chamber inside a glass tube placed, in turn, in a hole in a Lucite block. The  
details of the experilnental arrangements have been given elsewhere (3) .  

TABLE I 
IRRADIATION OF CHLOROFORM-WATER SYSTEMS WITH CoS0 AND BETATRON RADIATIONS 

(B.D.H. ANALAR CHLOROFORM) 

Photon Dose Yield (&I. 1 c ~ ~ e r g y  a t e  "y acid per 
Source (klev.) ( Vr/hr.) liter CHC13) 

Betatron 

Betatron 

Betatron 

The  square root of the yield ( Y )  in ~ i l ' l / l .  is pIotted versus the dose (D) in 
Victoreen roentgens in Fig. 2. The  equations of the lines, calculated by the 
*nethod of least squares, are given in Table 11. 
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I d t I t 1 
0 4 0 0  8 0 0  I 2 0 0  

DOSE, Vr 

FIG. 2. Irradiation of AnalaR CHCI3 with Cow ancl betatron radiatio~ls. Replot of the 
data to show the linear relatioilship between Y4 and the dose (D) in Victoreen r.-meter readings. 

TABLE I1 
IRRADIATION OF CHI.OROFORAI-WATER SYSTEA~S WITH Cow AAN BETATRON RADIATIONS- 

NONLINEAR RELATIONSHIP BETWEEN YIELD AND DOSE (B.D.H. ANALAR CHLOROFOR~I)  

I 
Dose rate (V,/hr.) / Least squares line 

The  results of irradiations of Mallinclcrodt A.R. chloroforill with Co60 
and betatron radiations are given in Table 111. T h e  individual results used to  
obtain the least squares lines given in Table I11 are plotted, together with those 

TABLE I11 
IRRADIATIOY OF CHLOROFORM-WATER SYSTEMS WITH CoGO AND DETATRON RADIATIONS- 

L INEAR RELATIONSHlP BETWEEN YIELD AND DOSE (M.~LLINCKRODT H.R. CI-ILOROFORM) 
I I 

Source 1 Dose rate* 1 Least squares line 

Betatron (21 Mev. pealc)I 11850 + 227 ( = O 3 0 i D  - 21.5 

Betatron (23 NIev. peak) 
Retatroll (23 Mev. pealc) 

Betatron (23 h?ev. peak) 
Betatron (23 Mev. peak) 

* T h e  variatio?~ i ?~  dose rale dziring a given betatron irradiat ion was calcz~laled b y  ti~rli?zg tlre 
"clicks" for short periods throughozrt the irradiation, a special eflort bcing made to keep the click 
rate constant b y  ma7zipzilatior~ of the belatron controls. T h e  devzations given ~ T L  Table 111 are the 
slandard deviations. S ince  the dose rate varies across the betalro7z beanr, being greatest a1 thecenter,  
the tzibes were placed in the center holes of the rotnting Lzicite block. 

B y  "clzck" i s  mean1 the sound heard whcn a monitor fixed i n  the X- ray  beam i s  disclzarged. 
T h i s  occzirs when Lhe moni lor  has  received a definite amoun t  of radiation. 

638 f 7 
1245 f 6 
2735 f 54 
3373 f 23 

= 1.44 D - 2 6  
= 1.01 D 
= 0 .7320  + 31 .5  
= 0.6480 + 7.25 
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0 1 I 
0 5 0 0  1000 I S 0 0  

DOSE, Vr 

FIG. 3. Irradiation of Mallinckrodt CHC13 with CoG"am~na-rays. Linear relationship 
between Y and D for various dose rates. 

The specific yield, S,  found by Taplin et al. ( 5 )  with 200 r./hr. of Ra gamma- 
rays, is also plotted in Fig. 5. 

To  determine the average chain lifetime, the rotating sector was operated 
a t  rotation rates from 1-2230 r. p. m. Some samples were irradiated for half- 

lines, in Fig. 3 (COG") and Fig. 4 (betatron). The slopes in pM./1./1000V,, 
symbol S,  are plotted versus the inverse square root of the dose rate in 1000 
V,/hr., symbol R, in Fig. 5. The equations of the resulting straight lines are 
given in Table IV. 

F750- 

P 0 0 0 250- 

O 

DOSE, VT R-0.5 

FIG. 4. Irradiation of Mallinckrodt CHC13 with betatron X rays a t  various dose rates. 
FIG. 5. Irradiation of Mallinckrodt CHC13 with CoS0 and betatron radiations. Linear 

relationships between specihc yield ( S )  and the square root of the reciprocal of the dose rate (R). 

3000- 

1000- 

0 
0 

i500-// 9 0 

B 
0 500 1000 1500 

laa / . o ~ 0 ~ '  BETATRON GAMMA-RAYS X-RAYS - 

1.0 2.0 3.0 
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TABLE IV 
IRRADIATIOX OF MAI-LINCKRODT CHLOROFORM-RELATIONSHIP BETWEEN SPECIFIC YIELD AND 

DOSE RATE 

hour periods with the sector stopped; other samples were irradiated with the 
sector rotating for one and one-half hour periods in order to give each sample 
the same total exposure to the gamma-ray beam. Actually, Victoreen readings 
taken under these conditions, agreed within 1.5%. T h e  amounts of base 
required (Ai) to titrate samples irradiated intermittently were greater than 
those required (A , )  for samples irradiated with the steady beam. The diiference 
is expressed as  a percentage increase in Fig. 6. 

Source 
-. 

Co60 
Betatron 

FIG. 6.  Effect of intermittent irradiation of Malli~~clcrodt CHC13 with Co60 gamma-rays. 

Least squares line 
-- -- 

S = 1098 .R-$ + 172 
S = 1073 .R-T + 81.8 

DISCUSSION 

The  difference in the results obtained with B.D.H. AnalaR chlorofor~n and 
Mallinckrodt Analytical Reagent chloroform has been traced to the presence 
of an  unsaturated, water-insoluble compou~ld present in the former. I t  is 
removable by shaking the ' A n a l a ~  chloroforn~ a t  least five times with portions 
of slightly basic potassium permanganate solution (ca. 0.5 gm. potassiunl 
permanganate per liter of solution), followed by one extraction with con- 
centrated hydrochloric acid to remove manganese dioxide, ancl 10 extractions 
with distilled water. The  results obtained after such t reatn~ent  were almost 
exactly the same as  were obtained with RiIallinckrodt chloroform. Treatilleilt 
of the latter with potassium permanganate solution did not alter its response 
to CoGO radiations. The  foreign substance in the B.U.H. AilalaR chloroforn~ 
has not been iclentified. 

The  nlechanism of the radiation-induced reaction has been discussed 1 1 ~ 7  

Cronheim and Guilther (2). However, their rnecha~lisill does not apply to  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAIVADI.~N JOURNAL OF CHEBIISTRY. VOL. 32 

FIG. 7. Rotating sector apparatus a ~ l d  1000 c. Coca source. C
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the results reported here, since the over-all acicl yield has been founcl to be 
inversely proportional to the sclilare root of the radiation intensity, meaning 
that a recombination process, second order with respect to the radicals 
important to the chain propagation reaction, must be the principal process 
by ~vhich those radicals disappear (4, p. 197). 

The following sequence of reactions leads to a kinetic expression in accord 
with the observecl results. The products, HC1, HOC1, and COC12 have been 
identified by others (2). 

where M is any nonreacting molecule in the system. 
A chain reaction involving CHCl2 and O2 has been given since O2 is li~iown 

to promote the production of acid on irradiation, and since the reaction 
CCIs + CHC13 --- + C1 + CCI3.CIICI2 A H  = - 2 kcal./mole 

followed by C1 + CHC13 -- + HCI + CC13 AH = + 4.6 kcal./rnole 
is not so probable on the basis of A H  values, those for reactions (b) and (c) 
being - 52 and -2 kcal./mole, respectively. The A H  values have been 
taken from Ref. (2). 

The phosgene reacts with water to give HC1 and COP, i.e., 
COClz + H20 p + 2HCI + CO2 

Letting A = CHC13, D l  = CCI3, D2 = CHC12, etc., the above eq~~at ions  
can be written: 

(a) 2A - + D 1 + D z + P 1 ,  

(b) D2 + B- + P2 + D3, 

(c) D 3 + A p  + Ps + D2, 

(d) D2 + Dz + A[--- + X + M  

P 3 + C -  + 2P, + Y. 

Assuming steady state conditions, an expression for D2 can be obtained, 
i.e.: dDJdt = $1, - klD,B + k2D3A - 2k3D22fif = 0 
and dD3/dt = klD2B - k2D3A = 0, 
so that $I, = 2k3D2'A4, 
and finally, D2 = (+1,/2k3Af) 4. 

The rate of acid production, dP/dt, where P = PI +P? +P3, is given 
bydP/dt = $1, + klDLB + 2K2DsA. 

Since k2D3A = klD2B, then 
dP/dt = 41, + 3klDzB 

= $1, + 3klB. ($Ia/2K3Al) :. 
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By dividing through by I, the over-all quantum yielcl is obtained, 
@ = 4 + 3klB. (4/2k31,M) 1. 

The quantity + of this expression is proportional to the S of Fig. 5, and 1, 
is proportioilal to R. I t  is seen that the expression obtained for is in accord 
with the observed results. The intercept on the S axis of Fig. 5 is proportional 
to the primary quantum yield, 4, which here will be the nunlber of chloroform 
molecules disrupted (by loss or gain of an  electron followed by subsequent 
dissociation to give a free radical) as a result of ionizations produced by inter- 
action of one photon with an electron (primary electron). Since the primary 
electron may, by collisional processes, produce many secondary electrons, all 
causing varying amounts of ionization, the prinlary quantum yield nlay be 
very high. 

The rotating sector experiments with chloroform are importailt here 
mainly in showing that the average lives of the free radical chains are much 
gieater than the time between the pulses of X rays emitted from the betatron. 
This could also be deduced from Fig. 5 (S  vs. R-s), which shows that the 
specific acid yields are approximately the same wit11 Co60 gamma-rays and 
betatron X rays. For a radiation-initiated reaction whose measured rate is not 
directly proportional to the intensity, the effect of pulsed radiation may be 
important. Dickinson (4; see also Ref. 1) has given a detailed treatment of 
the theory of the effects of intermittent radiations. If the rate with continuous 
irradiation is klon, the rate with intermittent radiations will be either rkIon or 
k(rIo)", depending on \vl~etller the internlittency is slow or fast (or the dark 
periods long or short compared with the average life of the rate-controlling 
intermediates). The transition between the two cases occurs when the dark 
periods are of the same order as the average life of the intermediates (4, 
p. 203). Here r is the ratio of the length of the light period to that of the sum, 
dark period plus light period, and n is the power of the intensity on which 
the reaction rate is found experinlentally to depend. For betatron radiations 
emitted in four-microsecond pulses every 1/180th sec., r = 7.19 X 
and n = 0.5. Also the average dose rate cluring a pulse, corresponding to 10, 
is I,,,/7.19 X lop4, where I,,, is the measured dose rate. Now, if  the average 
life of the intermediates is less than 1/180 sec., corresponding to a long dark 
period, the rate will be given by 

7.19 X 10-4.k. (1,/7.19 X lop4)' = 0.0268.k.I,n0.5, 

while i f  the average life is greater than 1/180 see. the rate will be given by 

k(7.19 X 10-"1,,/7.19 X lop4)' = k . 1  m 0.5. 

Thus, the rate'of acid production, using the nleasured dose rate as a criterion, 
should be the sanle with both betatron and Co60 radiations provided the 
average life of the rate-controlling internlediates is greater than 1/180 see. 
The rotating sector experiments with Co60 gamma-rays showed that the 
average chain lifetime, a t  I 0  = 1200 V,/hr., is about one second. The observed 
similarity of specific acid yields obtained with intermittent betatron X rays 
and continuous Co60 gamma-rays is therefore consistent with the theory 
outlined briefly above. 
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The results obtained with CoGO garnma-rays and betatron X rays tlo not 
seem to  depend on the energies of the radiations. The  difference in the positions 
of the two lines in Fig. 5 probably is not due to  the differences in energy, 
since the percentage difference due to energy dependence, i f  any, should not 
increase with increasing dose rate. The  difference may be due to  breakdown 
in the dependence of specific yield on (dose rate)-+ a t  the very high dose 
rates such as are obtained during a betatron pulse. The free radical concen- 
trations may then be so high that several chain-termination reactions may 
become important. 
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THE ETHANOLYSIS OF 3-HYDROXY-1-(4-HYDROXY-3- 
METH0XYPHENYL)-2-PROPANONE IN RELATION TO 

LIGNIN CHEMISTRY1 

ABSTRACT 
The Icetol, 3-11ydrox~-l-(-l--hydroxy-3-n~eihoxypI~e11yl)-2-propanone, was s ~ t b -  

jected t o  ethanolysis and  found to yield the  four propylphenols which can be 
isolated from t h e  etharlolysis products of isolated conifer lignin and  of conifer 
lignin i n  silz~. The sipnilicance of this finding is briefly d isc~~ssed .  

I11 the period 1939-1943, a careful investigation of the water sol~tble 
phenolic products from the ethanolysis of extractive-free spruce-wood by 
Hibbert and co-workers (5,7, 18,26) resulted in the isolatio~l and identification 
of four propylpl~enols, 2-ethoxy-1-(4-hydroxy-3-n1etl1oxyphen~~l)-l-propanone 
( I ) ,  1- (4-hyclroxy-3-methoxyphenyl)-1,2-propa~~edione (I I ) ,  1-ethoxy-1- (4- 
hydroxy-3-methoxyphe11~~l)-2-propanone (I1 I) ,  and 1 -(4-h ydroxy-3-meth- 
oxyp11enyl)-2-propanone (IV). 

R-CH (OC?Hs)-CO-CHI R-CH 2-CO-CH, 

Frorn maple-wood, in addition to these, the syringyl (R = 4-hydroxy-3, 
5-din~ethoxyphenyl) analogues were isolated. The  total yielcl of pure identified 
products based upon the original I<lason lignin of the wood was approximately 
5 per cent for spruce-wood and approximately 10 per cent for maple-wood. 
In spite of the low yields, these findings were of considerable significance in 
that they proviclecl some direct eviclence for the theory that lignin is derived 
from propylpl~enol monomers. 

In view of the absence of primary alcoholic or terminal ethel- groups in 
these products and the eviclence for the presence of such groups in lignin 
provided by analytical results (4) and by the isolation of 3-cyclohexyl-l- 
propanols from the products of high pressure llydrogenation (3, 12, 15), 
Hibbert (16) suggested that the propylphenols I-IV were derived from a 
more reactive P-hydroxyconiferyl alcohol (VI) type of structur-a1 elenlent 
by means of a series of in tercorlversio~ls : 

1 Afa7czrscript received January 27, 1954. 
Conlribzilion from TJa/alccozlz~ler Labornlory, Forest Prodzlcls Laboralorics of Canada, Foreslry 

Branch, Departnlenl of Northerfz Apc irs  and iVnlio?ral Resources, Canada. 
Presenled before lhe Western Regional Conference, Chemical Ircslitzlte of Canada, Saskaloon, 

Oclobcr 64-25, 1952. 
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R-CH2-CO-CHzOH R-CH = C ( 0 H ) - C H d H e R - C H ( 0 H ) - C ( 0 H )  = CHI 

R-CHt-CO-CHI R-CH (0CtHj)-CO-CHI R-CO-CHOH-CH, 

IV 111 I 
R-CO-CH(OC?Hs)-CH, 

I 

This concept was consistent with the absence of C-CH3 groups in lignin 
in situ as  determined by chromic acid oxidation in contrast to  their presence 
in the ethanolysis products and isolated lignins (22). Convincing experimental 
evidence that  such a series of interconversions was capable of yielding the 
ethanolj~sis products was provided by extensive studies of the arlalagous 
ketols in the veratryl (R = 3,4-dimethoxyphenyl) series (8, lo) ,  and of the  
diacetate of VII  in the guaiacyl series (23). Ethanolysis of the diacetate of 
VII  using the conditions employed on wood yielded the same four propyl- 
phenol products, I-IV. A study of the ketol, 3-hydroxy-1-(4-hydroxy-3- 
methoxypheny1)-2-propanone (V), for final proof that  i t  or its en01 (VI) 
could yield the propylphenols (I-IV) by ethanolysis was delayed by difficulties 
in its synthesis which was finally achieved by Fisher and Hibbert (9). 

The  ethanolysis of V has now been accomplished. Using the conditions 
employed on wood, the product was a mixture of the propylphenols, I-IV, 
and a petroleunl ether (30-60") insoluble polymer in yields of 26, 9, 4.5, 2, and 
20% respectively. This result and the isolatioil of the same propylphenols 
by ethanolysis of lignin i n  situ and of extracted lignins such as perioclate 
lignin (24), hydrochloric acid lignin (14), and Brauns' "native" ligilin (1 1) 
provide strong evidence for the presence in the  lignin complex of the side 
chain -CH2-CO-CH20H or its en01 form. 

The  presence in lignin of this side chain as  an  inner structural element 
readily freed by hydrolysis would be consistent with other properties of 
lignin in situ. Important examples already noted are the presence in the side 
chain of primary alcohol and ether groups and the absence of end methyl 
groups. Rearrangement of the side chain under the influence of a variety of 
reagents as  demonstrated previously (8, 10) and in this work would account 
for the presence of end methyl groups in isolated lignins. This tendency t o  
rearrange might also account to  some extent for the apparent inconsistencies 
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in the literature of lignin concerning the content of other constituent groups 
such as  secondary and tertiary hydroxpls (4). 

The  theory that  the sulphonatable groups of ligniil are benzpl alcohols 
or ethers was originally proposed by Holmberg (17) on the basis of experi- 
ments with model compounds. The  strong support for this theory provided 
by the investigations of many others on the sulphonation reactions of ligniil 
and model compounds has been reviewed recently by Lindgren (21). The  
possibility exists that hydroxyconiferyl alcohol might undergo similar sul- 
phonation reactions by virtue of rearrangement to  the benzyl alcohol deriva- 
tive, VII ,  as  in ethanolysis. This possibility will be explored. 

Shorygina and co-workers (25) have provided some additional evidence 
that  hydroxyconiferyl alcohol occurs as a structural element in lignin. By 
treating cupraininonium lignin with sodium in liquid ammonia, these workers 
obtained 1-(4-hydroxy-3-methoxyphei~~~l)-2-propanoI in a yield of 12%. 
They interpreted this result as  indicating that  the basic structural element 
in lignin is @-hydroxyhydroconiferyl alcohol or @-hydroxyconiferyl alcohol 
(VI), the latter being more likely. 

No indisputable evidence for the presence of carbonyl groups in lignin 
in  situ is available although their presence has been suggested by a number 
of workers and small amounts have been detected in some isolated lignins 
(13). If hydroxyconiferyl alcohol groups or structural elements capable of 
giving rise to such groups are present to any  great extent in lignin it is evident 
that  the carbonyl function is hindered or masked in some way by the mode 
of linkage between elements. Since the experimental portion of this paper 
was completed, Adler and Yllner (1) have reported on the reactions of veratryl- 
glycerol in relation to  lignin chemistry. The  results of their experiments on 
ethanolysis make it evident that  a propylphenol containing no ketonic group 
such a s  guaiacylglycerol (VIII) is also capable of giving rise to the lignin 
ethailolysis products via @-hydroxyconiferyl alcohol, VI. They suggested 
that this alcohol might be formed either by  a primary dehydration or by loss 
of ethanol from an  ethyl ether: 

I t  may be significant that ,  a s  shown in Table I ,  the yields of mononleric 
oils froin ethanolysis of isolated lignins and lignin in situ are roughly one 
fifth of those obtained from ethanolysis of the ketol, V. If the ethanolysis oils 
from ligniil were assumed to be derived only from one of the phenylpropane 
building elements, these yields could be taken as  an indication that  there are 
approximately five phenylpropane building elernents in the average lignin 
building unit. Considerable evidence favoring an average unit molecular 
weight in this range is available in the lignin literature (4). 
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TABLE I 
TOTAL YIELDS O F  MONOhIERIC ETHANOLYSIS PRODUCTS FROM VARIOL'S LIGNINS AKD T H E  KETOL, v --- 

I I 
Starting material 1 Yield, % 1 Reference 

Spruce sapwood (extractive-free) 
Spruce periodate lignin 
Sprilce hydrochloric acid lignin 
Spruce native" lignin (Brauns) 
3-Hydrosy-1-(4-hydroxy-3 meth- 

oxyphe~lyI)-2-propanone (V) 
I I 

*Based on Klason lignin. 

EXPERIMENTAL 

The  pure ketol, V, was a colorless crystalline solid, melting point 85-8G0*, 
semicarbazone melting point 147-148' (Fisher and Hibbert reported 81-82' 
and 147-148' respectively). I t  was slightly unstable a t  room temperat~ire 
and gradually acquired a faint vanillin-like odor and a melting point in the 
80-83" range which probably accounts for the low melting point previously 
reported. Paper chromatographic experiments on a preparation kept a year 
in the laboratory indicated that  vanillin was the contaminant. Only minor 
changes were made in the method of synthesis from vanillin reported by 
Fisher ancl Hibbert (9). Much time was savecl by acetylating homovanillic 
acicl by the Chattaway method (6), instead of by boiling for six hours ~v i t h  
acetic anhydride, and high yields (90%) of pure product were obtained. 

Acetylation of Homovanillic Acid 

Homovanill'ic acid (12.95 gm.) in aqueous sodium hydroxicle solution (7.62 
gm. in 13 cc.) was treated with crushed ice (40 gm.) and then acetic anhydride 
(9.5 cc.). T h e  mixture was agitated vigorously for two minutes before acidi- 
fication with 6 N hydrochloric acid (34 c ~ . )  which precipitated the acetate 
as white fluffy crystals. T h e  product was filterecl, washed with water, ancl 
dried. Yield 14.5 gm. (92%), melting point 138-139°C. 

Ethanolysis of 3-Hydroxy-1- (4-ltydroxy-5-met1zoxyphenyl)-2-propanone, V 

Two ethanolyses were run using the same technique as described by Mitchell 
and Hibbert (23). In the first trial experiment on a sinall sample (2.045 gm.),  
after paper chromatography had indicated the presence of the products, 
I-IV, in the petroleum ether (30-60') soluble oil (1.02 gm.), i t  was possible 
to isolate and iclentify the two main products, I and 11. For the isolation of the 
srnall quantities of I11 and IV produced, the petroleum ether soluble oil 
(3.9 gm.) obtained from a second ethanolysis of a larger quantity of V (8 gm.) 
was used. 

Paper Chromatography 

Samples of the various fractions and isolates were resolvecl on Whatman 
No. I filter paper concurrently with synthetic reference samples and mixtures. 
Solvent systems such as  petroleum ether (65'-110') -water (2:1), diethyl 

* Afelling points were determined o n  Fisher-Johns melling poinl apparatz~s and are zlnccrrecled. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



536 CAh'ADIAh' JOURXAL OF CHEMISTRY. VOL. 32 

ether - conc. ammonium hydroxide - water (4:1:1), and butanol - conc. 
ammonium hydroxide (4:l) were found to be useful. With the butanol- 
amnlonium hydroxide solvent it was possible to resolve lnixt~~res of all four 
propylphenols and vanillin, the approximate R, values a t  25' being: I ,  .66; 
11, .51; 111, .79; IV, .87; and vanillin, .44. For detection the ferric chloride - 
potassiuin ferricyanide reagent of Barton (2) was used. 

Isolation of 2-Ethoxy-1-(~-hydroxy-5-methoxyphenyl)-1-roanone, I 
After extraction of the bisulphite-soluble fraction with sodium bisulphite 

the so-called "phenol" fraction (26) was treated with anhydrous ammonia 
-in ether to precipitate the crystalline ammonium salt of I (0.57 gm.). Yield on 
the ketol was 26y0. Methylation of the ammonium salt with dimethyl sulphate 
gave the crystalline methyl ether. Melting point and mixed melting 
point with synthetic 2-ethoxy-1-(3,4-dimethoxypheny1)-1-propanone and an 
authentic sample isolated froin the ethanolysis of western hemlock-wood 
were identical. 

Isolation of 1-(4-Hydroxy-3-rnethoxyphenyl)-1,2-~ro~anedione, I1 
The oil (0.325 gm.) recovered from the bisulphite-soluble portion was 

treated in aqueous solution with hydroxylamine and nickel satts as described 
previously (18) to give the red nickel glyoxime salt of the diketone. Yield - 
0.222 gm. (equivalent to a 9% yield of diketone). Hydrolysis gave 11, melting 
point 69-70', which gave a quinoxaline, melting point 160-161'. Both I1 
and its quinoxaline showed no mixed melting point depression with authentic 
samples. 

Isolation of 1 - (4-Hydroxy-3-rnethoxypheny1)-2-$ropanone, I V 
The secoild ethanolysis experiment (on 8.0 gm. of VI) gave a petroleum 

ether soluble oil (3.9 gm.) which was separated into a bisulphite-soluble 
fraction, A, and a "phenol" fraction, B,  as before. 

Removal of the diketone, 11, from A and hydrolysis (20) of the residual 
oxirne gave an oil (0.238 gm.) which paper chromatograms indicated to be IV. 
Distillation (150-160' a t  2 mm.) gave a light yellow oil, n: 1.548, 0.16 gm. 
(2Y0), from which the semicarbazone, melting point 154-155", and the thio- 
semicarbazone, melting point 188-18g0, were prepared. A synthetic sample 
(20), ni5 1.547, gave the same yield of the same derivatives. There were no 
mixed melting point depressions. 

Isolation of l-Ethoxy-l-(4-hydroxy-S-methoxyphenyl)-2-~ro~anone, 111 

The "phenol" fraction B (2.59 gm.). gave paper chromatogran~s indicating 
the presence of I and 111. After removal of I as the arninoniunlsalt, the residual 
oil (0.515 gm.), which with several solveilt systeins gave paper chrornatograms 
indicating it to be 111, was distilled (160-180°, 0.5 mm.). Yield, 0.363 gm. 
of a partially crystalline oil. The semicarbazone (0.08 gm. from 0.17 gm.), 
melting point 170-171°, gave no mixed melting point depression with the 
semicarbazone (prepared in similar yield) of a synthetic sample (19), melting 
point 170-171'. 
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THE SYNTHESIS OF 4-DIALKYLAMINOETHYLPYRIDINES1 

ABSTRACT 

For  the synthesis of 4-dialkyla~ninoethylpyridines two reactions were eni- 
ployed, narrlely, the Mannich condensation of 4-niethylpyridine with formaltle- 
hyde and  secondary amines, and  the addition of secondary amines across the 
double bond of the 4-vi1iylpyridirie.111 the  first reaction with diethyl-, di-isopropyl-, 
di-n-butylamine, pyrrolidine, and  morpholine, normal Mannich bases (IV-VIII)  
were obtained. The  unsaturated bases (X, X I )  were the reaction products when 
dimethylamine and piperidine were used. The  addition of those products l,3-bis- 
(dialky1amino)-2-(4'-pyridy1)-propanes (XII ,  X I I I )  were formed when dimethyl- 
and diethylamine were applied. 

The  structures of the normal Mannich bases were confirmed by the  synthesis 
of several compou~lds (111, IV, VII-IX) from 4-vinylpyridine and secondary 
aniines. 

INTRODUCTION 

The Mannich condensation of methylpyridines and -quinolines has been 
studied only with the substances containing methyl group in the 2-position. 
HCou-FCo (7) investigated the reaction of 2-methylpyridine with formalde- 
hyde and diethylamine and with formaldehyde and piperidine. The conden- 
sation of 2-methylquinaldine has been reported by Kermack and Muir (8), 
Ger. Pat. 497, 907 ( 5 ) ,  HCou-FCo (G),  and Boekelheide and Nlarinetti (1). 
The Mannich procedure has been recently applied by Sommers, Freifelder, . 
Wright, and Weston (11) to prepare some derivatives of 2-methylpyridine 
and -quinoline. 

The objective of this work was t o  investigate the reactivity of the methyl 
group in the 4-position of the pyridine ring in the Mannich condensation and 
to synthesize certain 4-dialkplaminoethylpyridines. Since similar compounds 
could be obtained by the addition of secondary arnines across the double 
bond of the 4-vinylpyridine we applied this reaction to confirin the structures 
of the products obtained in the Mannich reaction. 

The addition of nucleophilic reagents with active hydrogen, like secondary 
amines, to 2- and 4-vinylpyriclines was postulated by Doering and Weil (2). 
They condensed only 2-vinylpyridine with diethylamine, and piperidine, 
respectively. Similar condensations of 2-vinylpyridine have been carried out  
using inorpholine and I-methylpiperazine as secondary bases (11). The  
addition of ketones to 2-vinylpyridine has also been studied by 1,evine and 
Wilt (9), and Wilt and Levine (12). 

The principal product from the condensation of dimethylamine hydro- 
chloride with formaldehyde and $-methylpyridine (I)  was not the normal 
RiIannich base, 4-(p-dimethylaminoethyl)-pyridine (111), but the unsaturated 

1 Il(anzrscript received January  6, 1854. 
Contribution front the C)rgatzic Chemistry Laboratory, i\fcGill University, ildo?ttrcal, Quebec, 

with the financial assistnnce of the National Research Council of Canada, Ottawa. 
2 Present address: Departtnant of Cl~en~istry,  LaFnyette College, Enston, Pa. 
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M A  TUSZRO AiVD I'A L'RZNS: DZdLE;YLA~lJNOEI'IZYLPI'RZDZNES 

111: I< = CH3 

IV: R = C?Hj 

V: R = i-C3H? 
VII: X = -N 

/CH?-CH2\ 
I S :  X = -N 

\cH?-CH, /CH2 

XIII:  R = CZI-Is 

Formulae Scheme 

base, 4-(a-methylene-p-dimethylaminoethyl)-pyre (X). This was sub- 
stantiated by analyses of X and its chemical behavior. The sample ofjX was 
obtained by distillation as a colorless oil which showed a high degree of 
unsaturation and turned reddish-brown on standing even in a closed con- 
tainer. The terminal methylene group >C = CH2 of the )I: was determined 
by ozonolysis according to the method given by Doeuvre (3, 4) and modified 
by Naves (10). This method is by no means quantitative, therefore it  was 
possible to  detect the cleavage of the n~ethylene group to produce formalde- 
hyde to the extent of 34%. The sample of I11 was prepared by the addition 
of dimethylamine to  the ethylene double bond of the 4-vinylpyridine (II),  
and it  did not show any formation of formaldehyde in the reaction of 
ozonolysis. 
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The  formation of the ~nethylene base X presumablgr goes through the 
methyl01 compouncl which loses a n~olecule of water either by the interaction 
of a base, or cluring the vacuunl clistillatio~l: 

The highest yield (45%) of X was obtained when the reaction nlixture 
contained two moles of formaldehyde for one mole of I and dimethylamine. 
The  variation of the reaction time (6-24 hr.) and temperature (50-loo0) 
did not give any indication of formation of I11 in this reaction. However, the 
prolonged reaction time of 24 hr. a t  60" gave in addition to  X a higher boiling 
compound, 1,3-bis(dimethylan1ino)-2- (4'-pyridy1)-propane (XII).  

The unsaturated n~ethylene base, 4-(a-~nethylene-~-piperidyletl~yl)-pyridine 
(XI) was obtained as the only reaction product in the WIannich condensation 
of piperidine, formaldehyde, and I. Since pipericiine reacted with 4-vinyl- 
p)rridine to give 4-(p-N-piperidylethy1)-pyridine ( IX) it was possible to 
compare both of the derivatives of piperidine formed in two different reactions. 
The presence of the ~nethylene group > C  = CH2 in X I  was detected by the 
Doeuvre reaction (3, 4) which produced 28% formaldehyde. 

In  the Mannich condensation I reacted normally with formaldehyde and 
rliethg~l-, di-isopropyl-, and di-n-butylamine, respectively, to  give the cor- 
responding 4-dialkylan~inoethylpyriclines IV, V, and VI, in low yields. Pyr- 
rolidine and morpholine reacted with I and formaldehyde in a similar manner 
to yield the bases VII and VIII.  

The  conclensation of 4-vinylpyridine and di~nethylamine was carried out 
by heating a water solution containing both components in ~nolar  ratio 1:2 
for 24 hr. a t  90". Although the 4-vinylpyridine was not completely soluble 
in water, enough ol it was dissolved a t  90° to react with dimethylamine. 
The yield of 4-(~-di1nethylaminoet11yl)-ppridine (111) was 40% of the theore- 
tical. .A similar procedure was applied in the interaction of 4-vinylpyridine 
with diethylamine. When the reaction was carried out a t  reflux temperature 
lor 48 hr., the yield of IV was increased t o  70%. 

Doering and Weil reported that  the reaction of 2-vinylpyridine and di- 
ethylamine in the absence of any solvent in a sealed tube gave a poor yield 
of the 2-(p-diethylaminoethyl)-pyridine. The good yield of IV which we 
obtained in water solution indicated that  a water solvent was favorable 
for the reaction. 

Successful condensation of 4-vinylpyridine was carried out with pyrrolidine, 
morpholine, and piperidine to obtain the products VII .  VIII ,  and IX. The  
reaction occurred when the corresponding components were mixed and 
refluxed lor six hours in the absence of water. 

.\\though it was not in the real111 of this investigation t:o study the physio- 
logical activit), O F  the compounds prepared, an observation was made which 
proved [o he of interest. Twenty-four hours after perlorming a series of dis- 
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tillations of the Mannich bases, reddening of certain areas of the face and 
hands of the worker was observed. This reddening was similar to a caustic 
burn and it was follo\ved by blistering which continued for five to six days. 
Once the blistering had subsided and the exposed areas had healed, scars 
remained which were noticeable even six months later. The reddening and 
blistering appeared to be similar to that of the shingles, a virus infection. 
I t  was not discovered which particular compound caused this behavior, since 
a number of distillations were carried out a t  this time. 

In  the experimental part the Mannich condensation is. denoted as the 
Procedure A and the reaction of 4-vinylpyridine with amines as the 
Procedure B. 

4- (a-Mefhylene-,B-dimefhy1aminoethyl)-pyrzdine (X) 
A mixture of 4.7 gm. (0.05 M) of 4-methylpyridine (I)  and 8.2 gnl. (0.01 41) 

of dimethylamine hydrochloride was heated to 95-100" while 8.5 gm. of 30% 
formaldehyde was added with stirring over a period of one hour. The  reaction 
was continuecl for five additional hours. The reaction mixture was cooled, 
nlade alkaline with potassium carbonate, and extracted with ether. The  
ether solution was dried over anhyclrous sodium sulphate and the ether 
evaporated a t  reduced pressure. Distillation of the residue yielded 3.5 gm. 
(43y0 of the theoretical) of a colorless liquid, boiling point 65-66" a t  0.5 

24 mm.; n, 1.5170. Anal. calc. for ClOH14N2: C, 74.01; H ,  8.71y0. Fo~ind:  C, 
73.83; H, 8.44y0. 

The  dip icmte  of X was prepared in ethanol solution and after recrystalliza- 
tion from the same solvent was obtained in the form of orange-yellow needles, 
melting point 147-148'. Anal. calc. for Cz2H?uNs01.,: C,  42.70; 13, 3.26; N, 
18.13%. Found: C, 43.01; H ,  3.28; N ,  18.45%. 

The  mono;bicrate of X was obtained using a sn~aller ratio of picric acid 
and was obtained froin water as  yellow crystals, melting point 124-125". 
Anal. calc. for Cl~H1707N3: N, 17.6570. Found: N ,  17.8270. 

Determination of the Terminal  Methylene Group ) C = CH2 (3 ,  4) 

A solution containing 250 mgm. of the X in 5 ml. of a mixture (32)  of 
ethylacetate and glacial acetic acid was cooled t o  - 15" and treated with 
ozone for three minutes. One-half milliliter of the ozonized solution was 
added to a mixture of 30 1nl. Grosse-Bohle reagent, 15 ml. hydrochloric acid, 
and 45 ml. water. After the mixture was shaken ancl made up to 100 ml., 
the volu~netric flask was stoppered and the mixture allowed to stand ,for 
six hours a t  room temperature. Meanwhile 2 ml., 1 ml., and 0.5 1111. sa~nples 
of a 0.120% solution of formaldehyde was treated with the Grosse-Bohle 
reagent and water and diluted to 100 ml. as above. Con~parative visual 
colorimetric tests indicated tha t  in the ozonolysis of X the tern~inal methylene 
group had been transformed to formaldehyde t o  the extent of 34%. 

*~l.licroanalyses by Scl~warzkopf illicroanalytical Laboratory, Woodside, 1V. Y. 
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1 ,S-Bis(d imethylamin0)-2- (4'-py ridy1)-propane ( X I  I )  
A mixture of 40.5 gm. (0.5 M )  of I ,  40.7 gm. (0.5 M )  of dirnethylamine 

hydrochloride, 45 gm. of 35% formaldehyde, and 30 nil. of water was stirred 
a t  58" for 24 hr. The  further steps in the procedure were similar t o  those 
described previously. The residue yielded 20 gm. of X and 5.5 gm. of XI1 in 
the form of a colorless oil, boiling point 84-88' a t  0.5 mm.; n: 1.4998. 'The 
yield was 10.8y0 of the theoretical on the basis of the amount of the nmine 
salt used. Anal. calc. for CI?H?INX: C ,  69.50; H ,  10.22'30. Found: C, 69.30; 
H,  9.92Y0. 

The  tripicrate of X I I  was prepared in ethanol and recrystallized from ace- 
tone in the form of yellow plates; m.p. 171-172". Anal. calc. for C30H3~N1z021:  
C, 40.24; H, 3.38; N ,  18.79%. Found: C, 40.01; H, 3.42; N ,  18.93y0. 

A mixture containing 3G gm. of 25% aqueous solution of dimethylamine 
and 10.5 gm. of 4-vinylpyridine (11) was stirred a t  90" for 24 hr. I1 was not 
completely miscible with water. The reaction product was extracted with 
ether, the ether extract dried over anhydrous soclium sulphate, evaporated 
and distilled a t  reduced pressure. The  yield of 1 1 1  was 6 gnl. (40y0); boiling 

2 4  point 63-64" a t  0.5 mm.; n, 1.5023. Anal. calc. for C9H14N?: C ,  71.94; H, 
9.4070. Found : C,  72.15; H ,  9.60%. 

The dipicrate of 111 was prepared in ethanol and recrystallized from acetone; 
n1.p. 159-160". 

.$- ((3-Diethylaminoetlzy1)-pyridi?ze ( I V )  

Procedure A .-Glacial acetic acid (22 gm.) was added dropwise to a mixture 
of 9.3 gm. (0.1 A f )  of I ,  7.3 gm. (0.1 il l)  of diethylamine, and 8.5 gm. of 35% 
formaldehyde. The  reaction mixture mas stirred a t  60" for 10 hr., made 
alltaline with 20y0 potassium carbonate solution, and extracted with several 
portions of chloroform. The IV was obtained as  a colorless liquid, boiling 
point 80-81" a t  0.5 inm.; n z  1.4913. The  yield of IV was 2.3 gin. (14%). 
Anal. calc. for C11H18N2: C ,  74.09; H, 10.18y0. Found: C ,  74.27; H, 10.0570. 

The dipicrntr of IT7 was crystallized from water as  yellow crystals, melting 
, point 146-147". Anal. calc. for C2JH24N8014: C, 43.37; H, 3.80, N, 17.61%. 

Found: C, 43.25; H ,  3.85; N ,  17.69%. 
The monopicrate of I V  was recrystallized from water and obtained in the 

form of j~ellow crystals, melting point 109-110". Anal. calc. for C17H21N507: 
K, 17.11%. Found: N,  17.02%. 

Procedure B.-A solution of 14.6 gm. (0.2 Af) of diethylamine in 30 ml. 
water was heated to reflux together with 10.5 gm. (0.1 AT) of 4-vinylpyridine 
for 48 hr. The  ether extract gave 12.5 gm. (70y0) of IV ,  b.p. 80" a t  0.5 mm. 
The  dipicrate of IV melted a t  146-147" and the rnixed melting point of it 
\vas not depressed by the dipicrate of IV obtained in the Procedure A. 

1 ,B-Bis (dietlzylnmi~zo)-2- (4'-pyridyl)-propane ( X I  I I )  
A mixture consisting of 54.8 gm. (0.5 M )  diethylamine hydrochloride, 

4G.5 gm. (0.5 111) I ,  45 gm. 35% formaldehyde, and 30 ml. water was stirred 
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a t  60' for 24 hr. The chloroform extract yielded 10.5 gin. of IV, and 5 gm. 
24  of XI11 (8.6y0), an oil boiling a t  98-100' a t  0.5 mm.; n,, 1.5089. Anal. calc. 

for C I ~ H ? ~ N ~ :  C, 72.93; H ,  11.10%. Found: C, 72.70; H ,  10.78%. 
The tripicrate of XI I I  was prepared in ethyl alcohol and, after recrystal- 

lization from acetone, melted a t  138-139'. Anal. calc. for c34H38N1?021: 
N, 17.68%. Founcl: N ,  17.72%. 

4 - (0-Diisopropylaminoethyl) - p y r d i n e  (V) 
Formaldehyde (16 gm. of 35Yo solution) was added dropwise with stirring 

over x period of two hours to a mixture of 13.7 gm. of diisopropylamine hydro- 
chloride ancl 18.6 gm. 4-methylpyridine. The temperature was kept a t  95' 
and the reaction continued for an additional four hours. V was obtained as a 
colorless oil, boiling a t  116' a t  0.5 mm. The  yield was 3 gm. (14%). Anal. 
calc. for C13H22N2: C, 75.68; H,  10.75; N,  13.57y0. Found: C, 75.40; H,  10.55; 
N,  13.60%. 

/t-(/3-Di-n-b~~tyZarninocthyl)-pyridine (VI) 

A mixture of 16.3 gm. (0.1 M) of dibutylamine hydrochloride and 9.3 gm. 
(0.1 Ad) of 4-n~ethylpyridine was heated to 92O and stirred while 8.5 gm. 
of 35y0 formaldehyde was added dropwise. The reaction was contin~~ed for 
12 hr. VI was obtained as a colorless liquid, b.p. 111-113' a t  0.5 mm. The 
yield was 2.3 gm. (10%). Anal. calc. for C15H26N2: C, 7G.86yo; H, 11.18%. 
Found: C, 76.580j0; H ,  10.92%. 

Q-(/3-N-Pyrrolidylethy1)-pyridine (VII) 
Procedure A.-A mixture consisting of 10.65 gm. (0.1 M) of pyrrolidine 

hydrochloride, 20 1111. water, 9.3 gm. (0.1 M) I was stirred a t  80-85' while 
9 gm. of 35Yo formaldehyde was added over a period of two hours and the 
reaction was continued for four ~ O L I ~ S .  The ether extract gave 4 gm. (22%) 
of VII, an oil boiling a t  93' a t  0.5 mm. pressure. Anal. calc. for CllH16N2: 
C, 74.95; H ,  9.15; N,  15.90%. Found: C, 74.87; H,  8.95; N, 16.16y0. 

The dipicrate of V I I  was prepared in ethanol and after recrystallization 
from acetone, melted a t  166'. 

Procedure B.-Equinlolar amounts (0.1 M) of pyrrolidine and 4-vinyl- 
pyridine was heated a t  80-85" for six hours. The yield of VII was 14.5 gm. 
(83%). The substance had the boiling point 92-93' a t  0.5 mm. Carbon, 
hydrogen, and nitrogen analyses gave results which were similar to those 
obtained in the analysis of the previous sample of VI. The dipicrate of VII  
(recrystallized from acetone) had the melting point 165-166'. 

4- (/3-N-Morpholinylethy1)-pyridine (VI I I) 
Procedure A.-To a solution of 18.6 gm. (0.2 M) of I in 10 ml. of water 

was added 10.6 gm. (0.1 M) of morpholine hydrochloride in 10 ml. of water 
and 8.5 gm. of 35% formaldehyde. The addition was carried out over a period 
of two hours and the reaction was continued for four hours a t  85-90'. VII I  
was obtained in the form of a colorless liquid, boiling point 117-119' a t  0.5 
mm. The yield was 3.5 gm. Anal. calc. for CllH16N20: C, 68.73; H ,  8.39; 
N ,  14.5$y0. Found : C, 68.55 ; H,  8.50; N,  14.38y0. 
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Procedure B.-An equimolar (0.1 Ad) mixture of morpholine and 4-villyl- 
pyridine was stirred a t  105' for six hours. Distillation of the reaction mixtilre 
yielded 12.5 gm. (G5yO) of a colorless liquid, boiling point 116" a t  0.5 n1111. 
On cooling the oil solidified, giving crystals melting a t  48-4g0. Anal. calc. for 
CL1H1~N20: C, G8.73; H ,  8.39%. Found: C, 69.02; H, 8.14%. 

4- (P-N-Piperidylethyl) -pyridine (IX) 
A mixture of 17 gm. (0.2 M )  piperidine and 10.5 gm. (0.1 J d )  4-vinylpyridine 

was heated t o  reflux (105") for six hours and then fractionated in vacuum; 
10.5 gm. (55%) of IX was obtained as a colorless liquid, b. p. 101" a t  0.5 

2 4 mm.; n, 1.5236. Anal. calc. for C12H18N2: C,  75.73; H,  E).54y0. Found: C, 
75.72; H, 9.377,. 

4- (a-Methylene-p-piperidylelhy1)-pyridine (XI) 
A mixture containing 4.7 gm. (0.05 M) of I ,  12 gm. (0.1 M )  of piperidine 

hydrochloride, and 8.5 gm. of 35y0 formaldehyde was heated under reflux for 
six hours. The  ether extract gave 3.5 gm. (43%) of XI,  which was a colorless 
oil, boiling a t  105-10GOat 0.5 mm. pressure; n: 1.5298. Anal. calc. for Cl3Ijl8N2: 
C, 77.17; H ,  8.96%. Found: C, 76.97; H, 9.13%. 

The ozonolysis of the XI in order to  determine the terminal methylene 
groups indicated the formation of formaldehyde to the extent of 287,. 
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SYNTHESIS OF 1,2-DIALKYLHYDRAZINES AND THE 
CORRESPONDING AZOALKANES'.' 

ABSTRACT 

The limitations of present methods of synthesizing 1,2-diallcylhytlrazi~~es are 
discussed. A new method of obtaining these colllpounds in good yields by the 
reduction of azines with lithium aluminum hydride is reported. Lithium a l u m i n ~ ~ m  
deuteride was employed as a tracer to investigate the mechanism oi the 
reaction. The 1,2-dialkylhydrazines were oxidized to the azoparaffins in over 
90% yields by mercuric oxide in  water. 

INTRODUCTION 

An important source of free radicals for kinetic investigations is the thennal 
or photochemical decomposition of azoalkanes (11). Up to now the avail- 
ability of these compounds has been limited on account of the difficulty of 
obtaining the 1,2-dialkylhydrazines. For example, of the lower azoalltanes 
only the methyl and isopropyl compounds have long been known, azoethane 
having been prepared quite recently (15). This work was undertaken to  
develop a general method of preparing 1,2-dialkylhydrazines and thereby 
to provide a route to the required azocompounds. 

Knorr and Icohler (9) obtained 1,2-dimethylhydrazine by alltaline hydrolysis 
of dimethylpyrazole and characterized it by means of several derivatives. 
I t  had previously been prepared by Harries and I<lamt (6) by the methyla- 
tion and subsequent hydrolysis of 1,2-diformylhydrazine, but their product 
was probably impure since it boiled over a wide range of temperature; further- 
more, no derivatives were reported. The use of dibenzoyl-, instead of difor~nyl-, 
hydrazine is a later modification due to Folpmers (4). Hat t  (7) subsequently 
developed the procedure into a useful though still very tedious method of 
preparing 1,2-dimethylhydrazine dihydrochloride. The over-all yield, which 
varies between 42 and %yo, is also low. 

This route to 1,2-dialkylliydrazines was extended by Harries ( 5 )  who 
obtained 1,2-dietl1yll1ydrazine and a high boiling base by ethylation of 
1,2-dibenzoylhydrazine and subsequent hydrolysis. The  boiling point re- 
ported for 1,2-diethylhydrazine, viz. 84-86OC., is alnlost certainly wrong 
since I<norr and Kohler (loc. cit.) give the boiling point of the lower homologue, 
1,2-dimetl~ylhydrazine, as 80-81°C. In a recent paper, Weiniger and Rice (15) 
mention the preparation of 1,2-diethylhydrazine by ethylation of the copper 
derivative of 1,2-diformylhydrazine but the properties of the base and its 
derivatives are not recorded. It seems doubtful, therefore, whether pure 
1,2-diethylhydrazine has ever been prepared in quantity. 

The  reductive alliylation of hydrazine with several aldehydes and lietones 
was very thoroughly investigated by Taipale (12, 13) during the early twenties 

ilifanuscripl received February 8, 1954. 
Contribution from the Division of Pure Chenzistry, National Research Cozlncil of Canada, 

Ottawa. Issued as N.R.C. No. 5.255. 
? Prcsented czt the 124th Mecling of the Americart Chrrizical Society at Cl~icago, Ill., in 

Septernber, 19.53. 
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as a general method of preparing 1,2-dialk~.lhydrazines. In general, ketones 
gave moderately good yields, but  from aldehydes mixtures of the substituted 
hyclrazines and large amounts of primary amines and ammonia were obtained. 
When the reaction was carried out in glacial acetic acid, the yields were still 
only moderate; in some cases the aldazines were rearranged to pyrazolines 
as had already been observed by Curtius and Zinkeisen (3). Simultaneously 
with the work of Taipale, the American workers Lochte, Bailey, and Noyes 
(10) reported the preparation of 1,2-diisopropylhydrazine by the reductive 
allcylation of acetone with hydrazine hydrochloride in water. More recently, 
Ugryumov (14) reported the preparation of 1,2-dibenzyl- and 1,2-diheptyl- 
hydrazine by the reductive alkylation of hydrazine with benzaldehyde and 
oenanthaldehyde respectively. 

In the present work it was found that  the reductive alkylation of acetalcle- 
hyde with hydrazine hydrochloride using hydrogen and Adam's catalyst 
gave a sirupy residue which yielded nothing crystalline besides alnmoniurn 
chloride. I t  was then decided to  prepare pure ethylideneazine by the method 
of Curtius and Zinkeisen (3) and to reduce it by the same method. The  aldazine 
was prepared in excellent yield by condensing freshly distilled acetaldehyde 
and aqueous hydrazine. Reduction of the azine in water with platinum 
black gave a product which contained a large amount of ethylamine and 
distilled over a wide range of temperature. Oxidation of the reaction mixture 
with mercuric oxide in water gave a 20% yield of azobisethane, b.p. 56-58°C. 
When the reduction of the azine was carried out in the presence of carbon 
dioxide to maintain the pH of the reaction mixture a t  or near 7, the amount 
of ethylamine was considerably reduced but  the yield of azobisethane obtainecl 
by oxidation nras not improved. Reduction in glacial acetic acid gave a high 
boiling base which was probably the pyrazoline. 

Reduction with Raney nickel alloy in dilute sodium hydroxide gave similar 
results. In fact, Beregi (1) described the preparation of amines by the hydro- 
genolysis of the azines of propionaldehyde and butyraldehyde with this alloy. 

Since Class and Aston (2) recently reported the reduction of N,N-dimethyl- 
Nf-methylene hydrazine to  trimethylhydrazine with li thiu~n aluminum 
hydride, it was thought ethylideneazine in particular, and azines in general, 
might be reduced in good yield by this method. The  reduction product ob- 
tained from ethylideneazine was a base, b.p. 106-107°C. isolated in 80% 
yield. I t s  dihydrochloride melted a t  168-169°C. and not a t  160° as  reported 
by Harries and Iclamt (6);  it analyzed correctly for dieth~7lhydrazine di- 
hydrochloride. The  picrate could not be prepared in the normal way, but the 
picrolonate was readily obtained. The  free base absorbs carbon dioxide from 
the air. Similarly, 1,2-diisopropylhydrazine was obtained from 2-propylidene 
azine and 1,2-n-propylhydrazine fro111 1-propylideneazine. The  method could 
probably be extended also to higher homologues. Unfortunately, i t  is not 
applicable to the preparation of 1,2-dimethylh~~drazine because the azine, 
CH? = N - N = CH?,  could not be obtained fro111 formaldehyde and hydra- 
zine hydrate. AII insoluble polymer was the only product isolable from 
this reaction. 
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Reduction of 1,2-cliacetylhydrazine with lithium aluminum hydride would 
likewise lead to 1,2-diethylhydrazine. However, the sparing so1ubilit)r of 
acylated hydrazines in solvents suitable for reactions with LiAlH4 prevented 
reduction in a reasonable time ant1 the reactants were recovered unchanged. 

The mechanism of the reduction of azines with lithium aluminurn hydride 
was investigated by means of deuterated reagents. Ethylideneazine was 
reduced with ordinary lithium aluminum hydride and the complex decom- 
posed by adding cleuterium oxide; the 1,2-diethylhydrazine was isolated and 
oxidized to  azobisethane by mercuric oxide in water. Mass spectron~etric 
analysis indicated that  the azobisethane contained no deuterium. 111 a second 
experiment ethylideneazine was reduced with lithium aluininurll hyclride 
containing of the deuteride; the diethylhydrazine and azobisethane 
were isolated as  before. The azobisethane now contained deuterium as shown 
by the appearance of strong peaks in its mass spectrum a t  87 and 88 and a 
small peak a t  89. Of course, the same results would have been obtained i f  
exchange had occurred between the ethylideneazine and lithium aluminum 
deutericle. However, such an exchange was considered very unlikely since 
acetone and diacctyl, which contain labile hydrogen, undergo reduction to  
isopropyl-2-d-alcohol and 2,3-butanediol-2,3-d2 without exchange with this 
reagent. Finally, diinethylketazine, which contains no hydrogen on the carbon 
atom adjacent to nitrogen, was converted into 2,2'-azobispropane by the same 
method. The  mass spectrum of the product gave strong peaks a t  115 and 116 
corresponding to 2,2'-azobispropane with one and two deuterium atoms. The  
deuterium content was 42.4Yo. 

These results may be explained by representing the complex by the fornlula 

in which one mole of lithium aluminum hydride is utilized per mole of azine. 
The aluminum adds on to the nitrogen, and hydrogen to the carbon atom. 
This assumption was further justified by the observation that the 1,2-dialkyl- 
hydrazine is contaminated with the hydrazone when less than one inole of 
reducing agent is einployed per mole of azine. 

The oxiclation of the 1,2-dialkylhydrazines to azoparaffins was best carried 
out by mercuric oxide suspended in water o r  ethanol. The yielrls of azobis- 
ethane, l,lt-azobispropane, and 2,2'-azobispropane from the corresponcling 
hydrazines were nearly quantitative. With 1,2-dimethylhydrazine, azomethane 
was obtained in 74% yield in contrast with the 25% yield obtained in this 
laboratory by cupric chloride oxidation of the hydrochloride (8). A further 
advantage of oxidizing the base with mercuric oxide in water is that the 
azomethane is free of methyl chloride which is a troubleson~e impurity in the 
product obtained by the other method. 
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EXPERI hlENTAL 

Ethylideneazinc 

T o  a solution of 160 gnl. (3.64 mole) of freshly dis~illcd acetaldehyde in 
400 ml. of ether in a 2 1. round-bottomed flask equipped with a stirrer, a separa- 
tory funnel, and a reflux condenser, a solution of 64% hydrazine i n  water, 
92 ml. (1.9 mole),, was added dropwise. The  flask was immersed in ice-water 
during the addition of the hydrazine. The  reaction mixture was stirred for 
10 hr. a t  room temperature and then treated \\lit11 120 gm. anhydrous potas- 
sium.carbonate in portions. The ether layer was separated, dried over an- 
hydrous potassium carbonate, and distilled off. The residue, distilled through 
a 12 in. Stedman column, boiled a t  practically constant teinperature, 955°C. 
The yield o'f colorless product, n: 1.4435, d2".813, was 134.3 gm. (8870). 

Lithium aluminum hydride (30.0 gni. of 64% purity) was dissolved in 
300 ml. of absolute ether in a 1 1. flask equipped with a stirrer, funnel, and 
reflux condenser. Ethylideneazine (50 ml.) \vas added dropwise with stirring 
to keep the ether refluxing..Stirring was continued under reflux for eight hours 
thereafter. The co~nplex was deconlposed by careful addition of aqueous 
40% potassium hydroxide solution. The supernatant liquid was decanted 
from the inorganic salts into a funnel with a wad of glass wool. The  residue was 
washed several times with small portions of ether. The  combined ether filtrate 
was dried for several hours over pellets of potassium hydroxide, and siphoned 
into a ,dry flask for distillation. After the ether had been distilled off, the 
residue was fractionated through a Stedman column. A tube filled with ascarite 
was attached to the distilling assenlbly to prevent absorption of carbon dioxide 
from the air during distillation, which would cause the boiling point to fluctu- 
ate. After collecting a small forerun, b.p. 65-10GO, 1,2-diethylhydrazine was 
collected between 106 and 107"C., n: 1.4204, d" 0.797. The yield was 33.7 

g m  (80%). 
'The picrate does not precipitate when equimolecular amounts of 1,2-di- 

ethylhydrazine and picric acid in ethanol are mixed. The picrolonate, n1.p. 
248-250°, after darkening at  about 190°C., is readily prepared. The di- 
hydrochloride melts a t  168-16g0C. Analysis of the dihydrochloride gave 
C, 29.95%, H ,  8.6%. Calc. C, 29.81y0, H, 8.77@. Mol. wt. (by iodine titration): 
Calc. 161, Found 160.2. Free base: Calc. 88.0, Found 87.5. 

1,2-Di-n-propylhydrazinc 

1-Propylideneazine reduced in the same manner gave a 77.5% yield of 
1,2-di-n-propylhydrazine, b.p. 149.5-150°C., n: 1.4287, di6 0.7940. Hydro- 
chloride, m.p. 175-175.5OC. Calc. for C,jHl6N?.2HCI, C, 38.2%; H, 9.53%. 
Found C, 39.3%, H ,  10.17%. Mol. wt. (by iodine titration): Calc. 189.0. 
Found 188.76. 

The picrolonate melted with decomposition at  243-244°C. after darkening a t  
191-192°C. Calc. for C I ~ H ~ ~ N ~ O S :  C, 50.73%, H, 6.32%; N, 22.l1Y0. Found: 
C,  50.86%; H, 6.35%; N,  22.4y0. 
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This compound, which had been reported earlier by Lochte, Xoyes, and 
Bailey (lo),  was obtained in excellent yield (81.4%) from 2-prol~ylideneazine 
by the present method, h.p. 124-124.5i°C., n: 1.4160, dZ6 6.780. Mol. wt. (hSr 
iodine titration) : Found 115.2. Calc. 116. 

A zobiscthane 

A solution of 10.0 ml. of 1,2-ciiethylhydrazi~~e in 40 ml. of water was added 
dropwise to  a stirred suspension of 26.0 gm. of  yellow mercuric oxide in 40 ml, 
of water in a flask with a short fractionating column and still head. The 
reaction mixture was slowly brought to a boil. After an azeotrope of azoethane 
and water had been collected between 53 and 5S°C., the temperature rapidly 
rose to 90°C., and the distillation was stopped. The yield of product after 
drying over c a l c i ~ ~ ~ n  chloride and distilling off the azoethane on a vacuum 
manifold was 9.4 ml. (9'i%), b.p. 58.0°C., n z  1.3852. 

1 ,I1-Azobispropnne 

This compound was prepared by the same method from 1,2-di-n-prop!-1- 
hyclrazine. B.p. 113.5OC., n: 1.4053. Yield: 88%. 

This compound was prepared from 1,2-cliisopropylhyclrazine. B.p. 88.S0C., 
n: 1.3899. Yield: 90%. 

Azomethane 

T o  a suspension of 75 gm. yellow mercuric oxide in 120 ml. of water was 
added slowly through a funnel 22.0 ml. (18.0 gm.) 1.,2-dimethylhydrazine 
in 200 ml. of water. An additional 15 gnl. of mercuric oxide was added and the 
reaction m i x t ~ ~ r e  was then stirred cont inuo~~sly a t  room temperature for 
two hours. On heating the reaction ~ n i x t ~ ~ r e ,  azomethane distilled over and 
was collected in two spiral traps cooled to - 40°C. and - 7S°C. Yield: 
17.0 ml. in the first trap and 0.5 ml. in the second. The azomethane was 
dried by slow distillation through a TJ-tube containing Drierite on a vacuum 
line. Yield: 12.7 gm.  ('74y0 Theor). 
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HYDROGEN PEROXIDE AND ITS ANALOGUES 
V. PHASE EQUILIBRIA IN TI1E SYSTEM DtO-D2O.I 

ABSTRACT 

The cooling curves of a number of solutions of deuteriunl pcroside in heal-? 
water in the concentration range 11% to 95% were measured in order to deter- 
mine the solid-liquid phase diagram for that  binary system. The apparatus of 
Herington and Handle);, which uses a pulsing pressure for stirring the solutions, 
and a thermistor, was found to be particularly suitable for that purpose. As 
could be expected the freezing-point curve of thc deuterated conlpounds is closely 
similar to that of the hydrogen compounds, being shifted up only by about 4" 
for water-rich solutions and by 2" for peroside-rich solutions. The melting point 
of the addition compo~~nd ,  D202.2D20 very nearly coincides with one of the 
eutectic points a t  46.2% D202 and -51.5"C.; the other eutectic point is a t  
60.5% D20?and  -55.1°C. By extrapolation the melting point of pure deuteriuni 
peroxide IS found to be 1.5"C. as  compared with -0.43"C. for hydrogen peroside. 
Concentrated solutions of deuterium peroxide exhibit an extreme tendency to 
snpercool, resulting sometimes in formation of glasses even a t  liquid-air t e ~ n -  
perature. The previous results of Foley and Giguh-e for thc system H20-H202 
were confirmed, specially as  regards the melting point of the addition compound 
H10,-2H?O. 

INTRODUCTION 

For a simple molecule such as  hydrogen peroxide substitution of hydrogen 
by deuterium may be expected to alter noticeably most of the physical pro- 
perties, and particularly the melting point, by analogy with the case of water 
and heavy water. Direct determination of this property for the pure isotopic 
compound was not feasible because of the limited supply of starting material, 
heavy water, and the difficulty of obtaining an "anhydrous" product. Instead 
the method of thermal analysis was applied to a number of solutions of various 
concentrations which led to establishment of the phase diagram of the 
system D20-D202 and, by extrapolation, to the melting point of deuter iun~ 
peroxide. Obviously this investigation was patterned after the well established 
phase diagram of the system H20-Hz02. 

EXPERIMENTAL 

The  thermo~lletric method used previously in this laboratory (4) was fol- 
lowed but the precision freezing-point apparatus had to  be modified because 
of the small samples available. The  improved a p p a r a t ~ ~ s  devised by Herington 
and Handley (13) turned out to be especially well adapted to the problem a t  
hand. The  major improvemei~t rests in the manner of stirring the sample which 
allows the freezing curve to be followed until nearly conlplete solidification. 
This is achieved by placing the solution in a small U-tube and by applying a 
gentle pulsing pressure differential over one limb so that the liquid is rocked 
back and forth past the solid. I n  addition to a substantial reduction in the 
size of sample needed (only about 15 g n ~ .  was actually used) the new apparatus 

1 iVIanuscript received Janziary 85, 1954. 
Contrihzitzon front the Departmenl of Chenzzslry, Laval University, Quebec, Qzie. Presented 

at the X I I I t h  In l~rnal io~zal  Congress of Pure and Applzed Chemistry i n  Stockholnl, Jzily 1955. 
2 Cotninco Fellow, 1951-55. Present address: Indiana University, Bloomington, Ind., LJ.S.A. 
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has the further advantage of doing away with mechanical stirrers which would 
eventually catalyze the decomposition of the peroxide, thus leading to erron- 
eous results. 

As in the original apparatus of Herington and Handley the sensitive elenlent 
was a thermistor (Western Electric, Type 14B) having a resistance of some 
2000 ohms a t  25OC.; the leads and terminal bead were inserted in a thin-walled 
glass tubing to avoid contact with the peroxide solution. The resistance was 
measured with a Wolff potentiometer - Wheatstone bridge combination, used 
in the latter fashion (23), and a Leeds and Northrup galvanometer with a 
sensitivity of 0.025 p amp. per mm. The  equation for the temperature coeffi- 
cient of the thermistor (2) 

[I] In R/Ro = (B/T - BTo), 

where R o  is the hypothetical resistance a t  'I<., requires calibration a t  two points 
a t  least. Thus R was found to  be 5874.7 ohms a t  the ice point, realized after the 
recommended method, and 44,000 f 10 ohms a t  -38.8'i°C., the melting 
point of mercury. The former datum was checked periodically against a set 
Beckmann thermometer. 
The  deuterium peroxide was prepared by dissociation of heavy water in the 

electrodeless discharge as described elsewhere (12). Some 175 gnl. of 99.7y0 
pure heavy water yielded about 130 gm. of a 50% solution of deuterium 
peroxide. By fractional distillation under reduced pressure this was separated 
roughly into three portions as  follows: 50 gm. of l l ~ o ,  50 gm. of 47y0, and 30 
gnl. of 96y0 Dz02.  Solutions of various intermediate concentrations were 
prepared by mixing suitable proportions of these three samples; dilution with 
heavy water was avoided since it could yield a n  unstable solution, as was 
found in the case of hydrogen peroxide (8). The peroxide content was deter- 
mined by duplicate titrations with 0.1 N potassium permanganate using a 
microburette and fairly small samples (equivalent to 0.1 gm. of DzOy); refrac- 
tive index n~easurements (7,20) also servecl as  a first indication. Because of the 
hg~groscopic nature of concentrated peroxide solutions great care was necessary 
to prevent contamination of the samples by atnlospheric moisture during the 
experiments. Tllils the air used in the "pulsing meter" was dried over mag- 
nesium perchlorate. A check of the samples by means of infrared spectroscopy 
after the investigation was completed indicated no significant increase in the 
original content of ordinary hydrogen. 

DISCUSSION OF RESULTS 

The cooling curves for each mixture were drawn from temperature readings 
talterl every minute a t  the beginning of solidification, and less frequently 
thereafter. I t  was always necessary to  overcome supercooling by seeding the 
liquid with a few crystals made from the same mixture con~pletely frozen in 
dry ice or liquid air. Duplicate determinations were carried out and the 
melting points, a s  found by the usual extrapolation method, agreed generally 
within O.Ol°C. except in the region of the eutectics where the very high vis- 
cosity of the ~nixtures prevented reaching thermal equilibri~lm in reasonable 
time. 
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TABLE I 
FREEZING POINTS FOR TI1B SYSTEbl DnO-D?02 

Weight Gd 
D ?O? 

Freezing point, I OC. 

T h e  various experiments were scattered according to the sequence shown in 
Table I in order to offset a possible drift in the  characteristics of the thermistor, 
although frequent tests failed to  give an!- such indication. In a few cases it was 
possible to  detect the  eutectic halt, and the telllperatures thus observed con- 
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firmed exactly those found by graphic extrapolatioti of the three portions of 
the freezing-point curve. As may be seen in Fig. 1 these curves for the system 
of deuterium con~pounds al-e nearly parallel to those for the  hydrogen com- 
pounds. For the  water-rich ~nixtures the curve is shifted upwards by about 
4°C. xvhereas for the peroxide-rich mixtures the shift is only half as  large. 
Considering tha t  these temperature differences are the same a s  between the 
melting points of the  respective pure colnpollellts the  situation is in hannony 
wit11 the absence of solid solutions in these binary systems a s  demonstrated 
otherwise (4, 9, 18). 

On the other hand the  melting point of the  addition compound D203 .2D20,  
-51.5"C., is only 0.6"C. above tha t  of its hydrogen analogue (4), w11icl1 may 
indicate a slightly decreased stability due to  isotopic substitution. At any  ra te  
both compounds are quite unstable as s l ~ o w n  by  the very flat maximum of 
their curve. 

Incidentally the  present investigation confirms the results of Foley and 
Gigu6re (4) for the  melting point of the cornpound HZO2.2H2O2, -52.1°C. 
Their value is some 2°C. lower than tha t  of most previous determinations (10, 
15, 17, IS) .  If the  higher value were correct, then the freezing-point curve for 
the  hydrogen system of colnpounds wo111d cross tha t  for the deuterated com- 
pounds, whicl~ seems very unlikely a p r i o ~ i .  As a further check a series of 
measurements on hydrogen peroxide solutio~ls in the middle range of composi- 
tion were made using the same apparatus a s  above. The  results (Table 11) are. 
in complete agreement with those of Foley and G i g ~ ~ & r e ,  and furthermore, they 
allow a more accurate locatioll of the  eutectics (Table 111). 111 particular tlle 
failure to  observe both the freezing point and the  eutectic halt in the s a n e  
cooling curve for solutions in the concentrations range 45-48.6% H202 is 
easily understood in view of the  narrow gap, 0.2"C., between these two 
te~nperatures.  

TABLE I1 
FREEZING POINTS DF SOME HZO-H?O? SOLUTIONS 

Weight W 1 Freezing point, 1 Eu!k@c, 
H?Oz "C. 

Replaceme~lt of hydrogen by deuterium reduces still further the narrow 
range of the freezing-point curve of the addition compound because of greater 
overlapping by the  two other curves (Fig. 1). This  brings one of the  eutectics 
almost in coincidence with the melting point of the compound D z 0 2 . 2 D 2 0 .  
('The composition difference is only of the order of 1% D202 and no tempera- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAIV.ADI..II\' JOURNAL OF CHEMISTRY.  I'OL. 32 

TABLE I11 
C O ~ ~ P O L ~ N D S  AND ELTTECTICS I N  THE H20-H2O2 AND D20-D2O2 susrl;.bfs 

ture difference could be detected experimentally.) By extrapolation from a 
large plot the ~llelting point oi ~ L I I - e  deuterium peroxide was found to be 1.5'C. 
as  compared with -0.43' for H202*. Tha t  the isotope effect on the melting 
point in the case of peroxide is exactly half that in the case of water (3.82'C.) 
seems quite plausible considering that ,  (a )  the molecular inass of the former is 
nearly double that  of the latter and, (b) the difference in the zero-point energies 
of hydrogen and deuterium peroxides is of the same magnitude as that  of 
water and heavy water ('21). 

Such nutable differences in melting points due to  substitution of deuterium 
for hydrogen-a mass increase of merely 6 or 10%-are in contrast with the 
surprising fact tha t  hydrogen peroxide has nearly the same melting point as  
water ice despite a llluch greater relative mass. Now, melting-point relation- 
ships are based on considerations of two different kinds: first, the cohesion 
energy of the lattice and second, the symmetry of the individual ~nolecules. 
In both water and hydrogen peroxide cr)~stals packing is realized mainly 
through hydrogen bonds (I), each type of nlolecule forming the same number 
of such bonds with its nearest neighbors. From the heat of sublin~ation of the 
two solids, 12.2 and 15.6 kcal./mole (5 , l l )  their hydrogen bond energies are 
found to  be of the same magnitude, namely 4.5 (19) and 5.0 kcal./mole. Again 
comparisoil of their electric dipole moments 1.84 and 2.16 D and their polariza- 
bilities, 1.48 and 2.31 X ~ 1 1 1 . ~  (6) shows tha t  their lattice energies cannot 
be very different. Therefore both compounds are in co~llparable situations on 
that account, and their heats of fusion, 1435 and 2987 cal./~nole, (9) are roughly 
in the ratio of their molecular masses as normally expected. 

On the other hand, the water molecule, because of its higher symmetry, 
has fewer possible different orientations on melting and, consequently, its 
entropy of fusion is only half that  of hydrogen peroxide. Furthermore, the 
constitution of the water molecule is such tha t  i t  results in an unusually 
regular and well-balanced structure of the crystal. Although rather open, this 
s t r u c t ~ ~ r e  is so stable that  it persists to some extent even after melting. No such 
anomalies are to be found in hydrogen peroxide. Judging from their respective 
heat of fusion it appears that  twice as  many hj.droge11 bonds are broken on 
melting in hydrogen peroxide as  in water ice (19). Obviously the same con- 
siderations apply to the deuterium compounds. So far the indications are that ,  

*This  valzre from recent very accurate calorimetric ~izeaszrreme?its ( 9 )  i s  considered more reliable 
than the therrtlonzetric result of Foley and GigzlBre, -0.46"C. ( 4 ) .  The cazrse o j  the discrepa7zcy i s  
now evident, namely, the presence of abozrt 0.03 mole % ittzpzrrity (water) i n  the purest sanzple irsed 
by the latter azlthors. Because of poor thervcal eqzrilibrium i n  their freezing-point apparatzrs due 
to inadeqzrate stirring, their calczrlatedfreezing points at zero impuri ty  were erratic. 

Weight % 
H?Oz 
-- 

45.2 
48.55 
61.2 

?'$rnp., 
C. 
- 

-51.5 
-51.5 
-55.1 

Higher eutectic 
Co~npou~id 
Lolver eutectic 

T:mp., 
C. 

- - 
-52.2 
-52.0 
-56.1 

Weight O/o 
D20z -- 
46.2 
47.35 
60.5 
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ceteris paribus, the energy of the deuterium bond is very slightly greater than 
that of the hydrogen bond (3, 16, 22). 

The natural tendency of hjrdrogen peroxide solutions to supercool was found 
to be increased further by isotopic substitution. I11 some cases it became 
extremely difficult to obtain crystals for seeding the l i q ~ ~ i d  in freezing-point 
determinations. Concentrated solutions, in particular, could be supercooled 
not only in dry ice but even in liquid air where the), formed glassy transparent 
solids. Crystallization of these glasses took place only after some time (about 
10 min.) and, in one instance, was so sudden that the test tube was shattered 
and the sample (5 gm. of 77.5% DzOz) was lost. I t  is not clear, a t  present, why 
this tendency to supercool should be more pronounced in deaterium peroxide 
solutions. The increased viscosity of these solutions (20) may be responsible 
for the very slow rate of crystallizatio~~. 4 s  in the 1440-HzOz system it was 
possible to supercool solutions of deuterium peroxide below the eutectic points 
even in presence of the "normal" solid phase (8) .  Dilute solutions of the iso- 
topic peroxide in heavy water follow Raoult's law to the same extent as their 
hydrogen analogues (5); for instance a t  3 mole yo DzOz the freezing point 
lowering is calculated to be 3.0°C. whereas the experimental curve gives 3.4". 
No measurement of the heat of fusion of deuterium peroxide has been made 
yet but a value of about 3030 cal./mole seems reasonable in comparison wit11 
the case of water and heavy water (14). 
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On a d6terminC par analyse thermique le diagramme des phases du syst6me 
DzO-D202. Comme on pouvait le prCvoir la courbe des points de fusion suit de 
pr6s celle du syst6me analogue H20-H202;  la substitution isotopique k16ve le 
point de fusion des solutions diluCes de peroxyde d'environ 4°C. tandis que 
pour les solutions concentrkes I'effet est la inoitiC n~oindre. Par extrapolation 
on arrive A un point de fusion de 1.5"C. pour le peroxyde de deutCrium pur. 
L'un des eutectiques, 46.2% de D202 et - 51.5'C., se confond presqu' exacte- 
lnent avec le point de fusion du coinposC ~llolCculaire Dz04.2DzO; l'autre se 
trouve ?I 60.5% de DzOz et -55.1°C. La tendance ?I la surfusion est encore 
plus marq~r6e chez les solutions de  peroxyde isotopiclue que chez celles de 
peroxyde d1hydrog6ne. 
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NOTES 

THE PRODUCTION OF ISOCYANATES BY THE THERMAL 
DECOMPOSITION OF PSEUDOUREAS 

In studies involviilg an hon~ologous series of 3,3-diphenyl-2-alkylpse~1clo- 
ureas the materials were observed todecompose when distillation wasattelnpted 
a t  atmospheric pressure. One of the decomposition products was the corre- 
sponding alkyl isocyanate and the other major product was clir;henylamine, as 
indicated by equation [I].  

heat 
( C G H ~ ) ~ N . C ( O R )  = NH--- + (CGH~)ZNH + RNCO. [ I ]  

The isocyanates distilled over a t  250-300°C. and were converted to l-alkyl- 
3-p-tolylureas by treatment with p-toluidine [2] to facilitate identification. 

p-CH3.CGH4.NHz + RNCO d p-CH3.CGHd.NH .CO .NH.  R. [2] 

The low yields of substituted urea (Table I) indicate correspondingly low 
yields of isocyanate, and were probably due to polymerization and recombina- 
tion processes. No precautions were taken to minimize these side reactions. 

The pseudoureas were synthesized by the addition of alcohols to diphenyl- 
cyanamide, cntalyzecl by the corresponding allioxide ion [3]. 

RO- 
( C G H ~ ) ~ N  'CN + ROH ------+ (C+jH5)zN.C(OR) = NII. [31 

The pyrolysis of the methyl homologue has been described elsewhere (3) as  
producing unsym~netrical diphenylurea. That  process occurs when the tem- 
perature is kept below 160°C. 

EXPERIMENTAL 

In each case, 1 to 3 gm. (0.005 to 0.01 mole) of the pseudourea was weighed 
into a 6 in. soft glass test tube which was then drawn off to a fine delivery 
tube and bent around to form a seinimicro retort. The melting and subsequent 
thermal deconlposition of the material were performed as slowly and a t  as low 
a temperature as possible, usually a t  250-300°C. The lachrymatory distillate 
was collected in a cooled 10 ml. Erlenmeyer flask and the pyrolysis was stopped 
when diphenylamine began to distill over. The  crude isocynate was mixed 
immediately with the theoretically required amount of p-toluidine dissolved 
in 10 1111. of diethy1 ether. The resulting solution was left standing in an ice- 
water bath until crystallization of the substituted urea was complete. The 
product was crystallized from methanol-water, ethanol-water, and finally 
from petroleum ether (65-110°), then dried for seven days in a vacuum desic- 
cator containing calciunl chloride and shredded paraffin wax. 

*Present address: Science Service Laborolory, Depar!n7c?tt of Agricultz~rc, Uniocrsily Sub Post 
Ofice, London, 0nt .  
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The  yields and analytical data  for the 1-allcyl-3-p-tolyl~~reas arc shown in 
Table I .  

T A B L E  I 

R Yield,* M.p., M.p.  Lit. Calc., % Fountl, yo** 1 % 1 c 1 in lit. I ref. 1 c 15 

Methyl 
Ethyl  
n-I'ropyl 
Isopropyl 
~ t - B u t y l  
Isobutyl 
n-Amy1 
n-Hexyl 
n-Heptyl  
n-OctyI 
n-Nonyl 
~ t -Decyl  
n-Undecyl 
Lauryl 

I I I I I 1 
* Yields calcr~lated after three crystallizations. 
**Combr~stion analyses by Mr.  R. W. White of the Science Service Laboratory, DeparLmenL of 

Agricrrltt~re,London, Ont. 

1. BOEHMER, J. W. Rec: trav. chim. 55: 379. 1936. 
2. I<NIPHORST, L. C .  E. Rec,  trav.  chim. 44: 695. 1925. 
3. ROBINSON, J. R. and BROWN, tV. H .  Can. J .  Chern. 29: 1069. 1951. 

THE ADSORPTION OF WATER VAPOR BY PROTEINS 

BY H. B. DUNFOIZD AND JOHN L. MOIZRISON 

Bull (3) measured the adsorption of water vapor by a large number of pro- 
teins and found that the Brunauer-Emmett-Teller equation (2) fitted the 
isotherms for the range of relative vapor pressures 0.05 to 0.5. This observation 
led him to suggest that the water was specifically adsorbed by polar groups in 
the protein molecule. The B.E.T. surface area measurements iudicatethat 
proteins present a large internal surface to water which is not accessible to 
relatively inert gases such as nitrogen and oxygen (1). 

Less is known about the water sorption process a t  relative pressures greater 
than 0.5, where the two-constant B.E.T. equation is not applicable.However, 
solution effects (3) and a spectrum of sorption processes (4) have been pos- 
tulated. 

This note reports the application of the Harkins-Jura equation (5) t o  Bull's 
water-protein adsorption isotherms. Some examples of the plotting are given 
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3. ROBINSON, J. R. and BROWN, tV. H .  Can. J .  Chern. 29: 1069. 1951. 

THE ADSORPTION OF WATER VAPOR BY PROTEINS 

BY H. B. DUNFOIZD AND JOHN L. MOIZRISON 

Bull (3) measured the adsorption of water vapor by a large number of pro- 
teins and found that the Brunauer-Emmett-Teller equation (2) fitted the 
isotherms for the range of relative vapor pressures 0.05 to 0.5. This observation 
led him to suggest that the water was specifically adsorbed by polar groups in 
the protein molecule. The B.E.T. surface area measurements iudicatethat 
proteins present a large internal surface to water which is not accessible to 
relatively inert gases such as nitrogen and oxygen (1). 

Less is known about the water sorption process a t  relative pressures greater 
than 0.5, where the two-constant B.E.T. equation is not applicable.However, 
solution effects (3) and a spectrum of sorption processes (4) have been pos- 
tulated. 

This note reports the application of the Harkins-Jura equation (5) t o  Bull's 
water-protein adsorption isotherms. Some examples of the plotting are given 
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DUNFORD A N D  MORRISON ,559 

in Fig. 1. Linear H. J. plots for 111ost of Bull's data are obtained over the relative 
water vapor pressure range from 0.5 or 0.6 to 0.95. The notable exception is 
salmin. Salmin, which is not a true protein but a low molecular weight poly- 
peptide, goes into solution a t  a relative vapor pressure of 0.7 (3). The nylon 
isotherllls yield linear H.J. plots over the shorter range of 0.7 to 0.95. 

FIG. 1. Harltins-Jura plots of some of Bull's water-protein adsorption isotherms a t  25°C. 

Liang's method (6) was used to correlate the results of the two equations. 
Liang has shown that the slope of a linear H.J. plot is related to V,, the 
amount in a n~onornolecular layer as given by the B.E.T. equation. Table I 
contains the If,,, values calculated from the H.J. equation as well as those 
obtained by Bull from the B.E.T. equation. With the exception of salrnin, the 
values agree wit11 a 5% mean deviation. 

The Harkins-Jura equation is based 011 the assumption that the adsorbed 
nlolecules are in a condensed film. Thus it  is probable that the adsorption of a 
condensed film of water by proteins is the predominant process a t  high vapor 
pressures. 

The general observation that the same V," is obtained for the upper ancl lower 
parts of the isotherms may be explained by one of two possible alternatives. 
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TABLE I 
GRAMS WATER I N  AlOh'OLAYIIR PER 100 GRt\MS PROTEIK 

Protein I B.E.T. equation (ref. 3) 1 H.J. equation 

Nylon, unstretched 
Nylon, stretched 
Silk 
Wool 
B-zein 
C-zein 
Salmin 
Elastin 
Collage~l 
Gelatin 
Egg albumin, lyophilized 
Egg albunlin, ~~nlyophilized 
Egg alburnin, heat coag~~lated 
8-Lactoglobulitl, lyophilized 
p-Lactoglobulin, wet crystals 
Serum albumin 
m- and p-Psei~doglobulin 
-y-Pseudoglobuli~~ 

The alternatives are that the complete isotherm represents either the formation 
of a film of one ~nolecule thickness which becomes condensed at higher vapor 
pressures or the formation of a film of a t  least two molecules thickness, the 
upper layer being co~lclensed and occupying the same surface area as the 
underlying monomolecular layer. The concurrence of the V,, values for the 
two parts of the isotherm means that the same number of adsorption sites are 
involved. This, together with the observation that  in all cases an amount of 
water greater than IT,,, is adsorbed well before a relative vapor pressure of 0.5 
is reached (3),  suggests that the second alternative is the correct one. 

The fact that nylon obeys the H.J. equation over a shorter pressure range 
than the other proteins nlay be due to the large water-repellant hydrocarbon 
spacings between the peptidc linkages of the synthetic polypeptide hindering 
condensed film formation. 

The concurrence of the V, values given by the B.E.T. and H.J. equations 
for the two separate halves of the water-protein adsorption isotherms suggests 
an interesting extension of Liang's method. 
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SPECTRES D'ABSORPTION INFRAROUGES 
DES U&ES SUBSTITU~ES~ 

Les spectres d'absorption infrarouges de quelques urCes substitu4es par des 
groupements alkyles otr aryles ont 6tC determines entre 2 et 15 p. Les ur6es du 
type RNHCONHCHZ donnent i 7.05 p urle bande d'absorption constante qui 
semble caracteriser le groupement CH,NH CONH-. Suit une explication g41l6rale 
dqs spectres obtenus avec les diff6rents dCriv6s de l'urCe. 

INTRODUCTION 

Le spectre d'absorption infrarouge de l'urCe est bien connu, rnais difficile 
B expliquer. On obtient l'absorption caracteristique des groupements NH et 
CO, mais non pas aux longueurs d'onde normales des amides. Comme I'uree 
est une diamide qui poss$de toutes les propriCtCs des arnides aliphatiques, 
on devait s'attendre B un comportement identique en spectroinCtrie infrarouge. 

Alin d'expliquer le spectre de l'urCe, on a determi116 les spectres infrarouges 
de quelques urCes substitukes sur l'azote en position 1 ou 3. Leur prCparation 
a dCjA 6tC dkcrite dans une publication prCcCdente (1). 

La litterature fait mention de plusieurs travaux oh le spectre infrarouge 
de 1'urCe est surtout CtudiC du point de vue de  la mecanique quantique. Peu 
de travaux sur les spectres d'absorption infrarouges expliquent sa structure 
chimique. 

RCcemment, Pristera (2) a publii? les spectres de la dimCthyldiphCnylurCe 
et de la diCthyldiphCnylurCe et a attribuC les bandes obtenues 5 6.00 p et 
6.70 p aux groupements carbonyles e t  carbamides. La dernicre bande d'ab- 
sorption semble avoir C t C  co~lfondue avec celle du noyau aromatique qui 
apparait B 6.25 p et 6.70 p. 

On a utilisC un spectrophotomkre Perkin-Elmer, mod&le 21 5 doubles 
faisceaux, pour determiner les spectres d'absorption infrarouges des urCes. 
Les courbes de transmission Ctaient enregistrkes automatiquement sur cet 
appareil. 

Une Cmulsion des produits dans I'huile minCrale servit A la determination 
des spectres. Pour obteilir un spectre convenable, l16paisseur de 116mulsion 

Manuscrit r e p  le 18 janvier 1964. 
Contribution du Diparte,ment de Chimie, Universitk $Ottawa et du Conseil des Recherches 

pour la Dgense C.A.R.D.E., Valcartier, Quibec. 
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,562 C.~IMADIAN JOLIRA-A L O F  CHEBIISTRY. VOL. 31 

fut varike de f a ~ o n  2. ce que les bandes d'absorption aient une bonne intensite. 
On ne donne que deux courbes de transmission (fig. I ) ,  celles des cyclo- 

LONGUEUR D'ONDE ( MICRONS) 

FIG. I 

hexylurites. Pour les spectres des autres produits, les longueurs d'onde des 
bandes de bonne intensitit seulement sont rapportites dans les tableaux I 
and 11. 

Ure'es substitue'es en  position 1 

Ces ~irites (tableau I et fig. 1) donnent des bandes d'absorption dans les 
rCgions de 3 p et de 6 p qui caracthisent les groupements NH,  N H 2  et C =O. 
Dans la ritgion de 3 p ,  la plupart des composCs que nous avons ktudiks pos- 
sedent trois bandes d'absorption; chacune correspond A un mode de vibration 
entre les atomes d'hydrogitne et d'azote. Deux bandes d'absorption et parfois 
trois sont bien distinctes, mais la troisiitme est souvent un point d'inflexion. 
On pourrait attribuer aux vibrations N-H les bandes d'absorption obtenues 
entre 2.90 p et 2.96 p ;  et aux vibrations NH2, celles produites entre 2.98 p 

et 3.15 p.. 

Les possibilitCs d'avoir des vibrations OH sont exclues, car ces ur6es ne se 
tautomitrisent pas facileinent en milieu neutre: 
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TABLEAU I 
URBES SUBSTITUBES ( R N H C O N H 2 )  

Substituants I Position des bandes en microns 

M6thyle 
~ t h y l e  
71-Propyle 
,a-Butyle 
71-Amyle 
71-Hexyle 
Cyclohexyle 
Phenyle 
Benzyle 
Anilino 
p-Tolyle 
p-ChlorophCnyle 

TABLEAU I 1  
~ - ~ / I B T H P L U R ~ B S  SUBSTITUBES EN POSITION 3 ( R N H C O N H C H a )  

2 
Substituants 

Mkthyle 
~ t h y l e  
7t-Propyle 
71-Amyle 
71-Hexple 
Cyclohexyle . 
PhCnyle 
Benzyle 
p-Tolyle 
p-Cbloroph6nyle 

* P o i n t  d ' inflexion in 
C, W 

Position des bandes en microns 8 
2.98 % 3.14* 6.15 
2.98 
3.00 
2 .98  
2.98 
2.99 

7.50 

12.90 

11.8212.94 
11.84 
13.65 

12.3312.92 
12.25 

8.52 7.80 9.60 
i", 
% 
0 
C 

2 
0, 

14.60 

- 

6.32 
6.12 

6 .08  
6.08 
6.15 

13.15 

13.2 
14.32 
13.17 
13.20 

3.15* 

2.963.00* 
6.32 
6.23 
6.22 

6.15 
6.15 
6.25 

6.12 

6.16 
6.02 
6.02 
6.08 

2.98 ::::I 

10.74 

6.67 
6.40 
6.35 

6.15 
6.05 
6.10 

12.90 

13.65 

14.15 
13.50 

6.25 
6.30 
6.30 6.92 14.35 

13.90 

7.98 

7 .02  
6.60 
6.57 

7.85 
8.05 6.72 

7 .05  
7.05 
7.05 

6.58 
6.52 
6.47 

7.34 
7.12 
7.15 

7.05 
7.05 
7.05 
7.05 
7 .05  
7 .05  

7.78 
7.62 
7.70 

6.65 

7.90 
7.90 
8.60 
7.70 
7.45 
7.60 

7.90 
7.68 
7.79 

7.05 
7.60 
7.95 

8.56 
8.60 

8.60 
8.62 
8.55 

8.08 

9.20 
9.35 

12.95 
9.23 
9.25 

8.13 
7.68 8.07 

8.60 
8.56 
8.56 

9 .27  
9.00 
0.17 

8.44 

11.05 

13.75 
11.27 
11.05 

9.5011.1012.90 
11.20 

11.70 
9.52 

11.90 
9.88 

9.75 

12.02 
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564 CdNADIAN JOURNAL OF CHEMISTRY. P'OL. 32 

Dans la region de 6 p, qui caractCrise les composCs B doubles liaisons, une 
seule bande d'absorption apparait dans l'analyse de ces urCes substitukes, 
entre 6.02 p e t  6.12 p. On peut donc les apparenter au groupement carbonyle 
de l'urCe. D'ailleurs les amides primaires absorbent habituellernent entre 
5.90 p et 6 .25  p. 

Uile autre bande d'absorption de bonne intensit6 apparait aux environs 
de 6.20 p. Lorsque R est un radical aliphatique, cette bande seinble due la 
dkforrnation de NH2 qui apparait entre 6.08 p et 6.25 p. Mais lorsque R est 
un rCsidu aromatique, le noyau benzCnique absorbe entre 6.20 p et 6.25 fi 
e t  donne une bande d'intensiti: variable, inais toujours prCsente A ces longueurs 
d'onde. 

Dans la rCgion entre 8.00 p et 9.00 p, il 5' a absorption caractkristique pour 
tous les composCs substitubs par un groupenlent aliphaticlue. On peut observer 
un dCplacement bathochromique lorsque 1'011 passe cl'un substituant mCthyle 
B Cthyle, propyle, butyle, arnyle et hexyle (tableau I). 

I1 y a plusieurs bandes d'absorption entre 9 p et 15 p. Cette rCgion du spectre 
infrarouge caractkrise toute la inolCcule et ne peut servir qu'k l'identification 
du composb lui-meme. 

I-Mdthylurdes substitudes en position 3 
Les 1-inbthylurbes substitukes en position 3 doilnent des spectres d'absorp- 

tion i~lfrarouges diffCrents des urbes rnonosubstituCes (tableau I1 et fig. I). 
Dans la rbgion de 3 p,  on obtient des bandes intenses qui indiquent la 

prksence de vibrations NH. Avec les urCes, RNHCONH2, on observe trois 
bandes d'absorption correspondant aux trois modes de vibration entre les 
atomes d'hydroghe et d'azote. Les urCes du type RNHCONHCH3, ayant 
deux groupernents N H  ou deux modes de vibration, devraient donner deux 
bandes d'absorption; mais il n'y a qu'une forte bande d'absorption B 2.98 p. 
Toutefois, on obtient un point d'inflexion B une plus grande longueur d'onde 
(3.10 p-3.20 p). La possibilitb de tautomkrisation de ces urCes est encore 
minime ou inexistante. 

Dans la rbgion de 6 p, i.e. la longueur d'onde norinale od les ainides ordinaires 
donnent des bandes d'absorption, les composCs du type RNHCONHCH3 
donnent tous une absorption intense. Cette bande est due au groupement 
C = 0 de ces urbes. I1 semble y avoir un dkplaceinent de cette bande 21 mesure 
que le radical passe de Cthyle A hexyle. De 6.20 p cl 6.25 p e t  de 6.65 p B 
6.70 p, on retrouve les absorptions dues aux groupements phCnyles des 
urCes substitubes. 

A 7.05 p, on obtient une bande de bonne intensite qui est prbsente dans le 
spectre de toutes les ur6es du type RNHCONHCH3. Cette bande seinble 
caractCriser le groupement CH3NHCONH-. En considkrant le tableau I, 
on constate que la rnkthy1uri.e donne Cgalelnent une absorption A 7.05  p. 
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BOIVIN ET BOIVIN:  SPECTRES D'ABSORPTION INPRAROUGES 565 

Etant donnC le nombrc cle compos~s CtucliCs et la vari6tC de leurs substituants, 
i l  est possible d'identifier le groupement CHZNHCONH- B l'aide de cette 
bande. 

Entre 8.50 p et 8.60 11, on observe Cgalement l'effet cie la chafne hydrocar- 
bonCe. Ainsi, il y a encore un dkplacement bathochromique en passant du 
groupement inCthyle 2 hexyle. 

Si l'on compare les spectres de ces urCes, RNHCONHz et RNHCONHCHZ, B 
celui de I'urCe ordinaire, on observe que les bandes 2 3.00 p et 6.00 p ne sont 
pas & la m&me longueur d'onde, bien qu'elles soient pritsentes d a m  ces rCgions 
du spectre. Ces mesures ont permis cl'identifier le groupement mCthylcar- 
bamido (CH3NHCONH-) et de conclure que les urCes substituites se com- 
portent en spectrographic infrarouge comme des amides ordinaires. 

SUMMARY 

The  infrared spectra of N-substituted ureas and N'-methyl-N'-substituted 
ureas have been determined in mineral oil emulsion from 2 p to 15 p. I t  was 
found that all the ureas of formula RNHCONHCH3 gave an  absorption band 
a t  7.05 p which seems to be characteristic of the methylcarbamido group 
(CH3NHCONH-). 
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A STUDY OF THE SULPHATE ESTER OF UNSTABILIZED 
CELLULOSE ACETATE1 

ABSTRACT 

Evidence for the existence of the ester form of the sulphate in unstabilized 
cellulose acetate has been esarnilied by ion exchange studies on precipitated a n d  
fibroils cellulose acetate. The equilibrium reached during ion exchange is affected 
by the pH and by the concentration of the salt solution used. The  thermal 
stability of the ester is shown to  vary inversely with the sulphate content. A 
study has been nlade of the accuracy of the various analyses involved. 

INTRODUCTION 

Cellulose acetate and cellulose nitrate are normally prepared by treatment 
of cellulose with the appropriate acid in the presence of sulphuric acid a t  
the appropriate temperature. At  one stage in the preparation both esters 
contain a small amount of sulphate. T h e  amount depends on the compositioll 
of the esterifying medium and other factors but  usually it is less than 1%. 
Purification or stabilization, as  it is usually called, may be accomplished 
by partial hydrolysis of the ester in the appropriate medium. I t  has been 
established by Malm et al. (10) that the sulphate in unstabilized cellulose 
acetate is in the form of a sulphate ester, RS04H, but  its form in ~rnstabilized 
cellulose nitrate has been the subject of discussion for inany years. Some direct 
evidence for the existence of a sulphate ester in cellulose nitrate was pre- 
sented b y  Reeve and Giddens (12) in connection with a s tudy of the mechanism 
of stabilization by ammonia. Freshly prepared samples of cellulose nitrate, 
rinsed free of superficial acids, were treated with 1% aqueous ammonia a t  
rooin teinperatirre for 15 min., then thoroughly rinsed and dried for sulphate 
and anlrnonia determinations. T h e  results showed that the ammonia-sulphate 
relation for the uilboiled samples was close to unity, suggesting tha t  the 
sulphate was present in the hemiester form, RSO4H. Previously Kullgren 
(9) had estimated the hemiester content of nitrocellulose by the use of an 
ion-exchange method. T h e  acid liberated from the exchange as  indicated below 

R S 0 4 H  + NaCl + RS04Na + HCl [I] 
was taken to  be a measure of the hemiester content. For one particular sample 
this value was 25y0 of the sulphate content. Kullgren (9) concluded tha t  a 
large part of the sulphate (75%) must be present as the neutral sulphate, 
RZSO4. 

T h e  experiments described in this report were undertalien to  establish 
the relative merits of various ion exchange methods for the  estimation of the 
sulphate ester of cellulose acetate. T h e  possibility of applying these methods 
to the  estinlation of the  acicl ester content of cellulose nitrate will be reported 
in a later communication. While many investigations have been made on ion 

n/Ianziscript received February 2,  1954. 
Contribrrtion from Canadian Armament  Research and Developwzent Establishment, Valcar- 

tier, Qz~ebec. 
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K E I R S T E A D  A N D  MYERS:  SULPIIATE ESTER 667 

exchange with naturally-occurring minerals and more recently with synthetic 
organic resins, the only detailed stucly of ion exchange with cellulose acetate 
sulphate appears to  have been carried out by Araki and Tadenuma (1) who 
used a "sulphoacetate gel". Because of the present uilavailability of the original 
report it is impossible to  make further reference to  this study. I t  shoulcl be 
noted, however, that  the present work has been carried out with cellulose 
acetate sulphate in the precipitated and fiber forms. The  term "cellulose 
sulphoacetate" has been used generally to  refer to  products with a high 
sulphate content, but  as pointed out by  Malin it should be applied only to  
an ester of cellulose with sulphoacetic acid. Following the terminology usecl 
for mixed organic esters of cellulose, the  mixed ester of acetic and sulphuric 
acids will be termed cellulose acetate sulphate. 

Cellulose acetate sulphate consists of a high-polymer structure to which 
sulphate groups with ionizable hydrogen are attached. The  whole compound 
may be regarded as an insoluble acid and its behavior may be studied by 
determining the change in pH  when a suspension is titratecl with alkali under 
various conditions (7, 15). When sodium hydroxide is added to a suspension 
of cellulose acetate sulphate in the absence of neutral salt the  pH  changes 

Id 

8.0 
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FIG. 1. Titration of cellulose acetate sulphate. 
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only slowly until the amount added is equivalent to most of the acidic h>rdrogen 
on the exchanger, which is known as  the full capacity. When 0.2 N sodiuln 
chloride is added to  the system, it becomes acid anel the full capacity is 
realized a t  pH 7 as  shown in Fig. 1. In all the experimental work great care 
n u s t  be taken to avoid or  correct for hydrolysis of the sulphate and acetate 
groups in water. Prior to  all experiments hydrolysis was minimized by  thorough 
washing xvith clistilled water, and the effect during an  experiment was limited 
by keeping the duration to  a minimum or by estimating the amount of acid 
formed. 

There are a number of methods of studying the ion exchange process 
quantitatively. If an ion exchange talces place according to the equation 

the hydrogen ion concentration in the solution after exchange and the metal 
content of the ester expressed in milliequivale~lts shoulcl each be equal to  
the sulphate content of the fiber. Malm (10) showecl that the sulphate content 
of unstabilized cellulose acetate sulphate determined by  repeated treatment 
with 1% sodium chloride solution followed by titration of the hydrogen ion 
liberated in the combined filtrates was l.O1yO compared with 1.05y0 determined 
by sulphate estimation. 

The  present paper considers the relations among the sulphate contents 
as  determined by the three possible methods. 

EXPERIMENTAL RESULTS 

Ion Exchange Experiments 
Table I shows the amount of sulphate found in various sanlples of cellulose 

acetate by  the determination of sulphate gravimetrically a s  the barium salt, 
and by  ion exchange with sodium or calcium chloricle solution and subsequent 
titration with standarcl sodi~im hydroxide. 

TABLE I 
COMPARISON OF TITRATION AND GRAVIMETRIC METHODS OF DETERniINING SULPHATE ESTER 

I I I I 

Batch 
No. 

Per cent 
difference 

Cation 
exchanged 

Fiber , 

Pptd. 
Fiber 
Pptd. 
F i i y  

Pyfd. 

F i F  

8 

Sulphate, rn.e./100 gm. 

Gravimetric Ion exchange 
titration 
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KEIRSTEAD AND MYERS:  SULPHAZ'E ESTER 569 

The normality of the salt solution was 0.2 and the pH was 5.7. In all experi- 
ments, the sulphate content determined by ion exchange was less than that 
found gravi~netrically, and it will be shown below that  the difference is well 
outside the expected experimental error. I t  can be accounted for either by 
incomplete ion exchange reaction or by adsorption of hydrogen ions on the 
sample. Table I1 shows that the second alternative is more liltely because the 
sulphate determined by estinlation of the exchanged calcium agreed more 
closely with the sulphate determined gravi~netrically than with that deter- 
mined by titration of hydrogen ion. 

TABLE I1 
COMPARISON OF CALCIUM AND GRAVIMETRIC METHODS OF DETERMINING SULPHATE ESTER 

I I I 
Sulphate, m.e./100 gm. Per cent 

difference 
Gravimetric 1 Calcium 

The results obtained by the two methods agreed within the limits of experi- 

28-6 
33 
45 
36 
43 
40 
29-1 
30 

mental error, suggesting that the discrepancies between the gravimetric 
and titration methods were caused by adsorption of hydrogen ions. 

F i p  

, I  

( 1  

Pptd. 

In some of the experiments in which 0.2 N sodium chloride solution was 
used for the exchange, the sodium on the sample after exchange was deter- 
mined by flame photometry. A few results are shown in Table 111. Sample 

TABLE I11 
COMPARISON OF SODIUM AND GR4VIMETRIC METHODS OF DETERMINING SULPHATE ESTER 

I I 

29.3 
23.8 
20.5 
17.2 
16.6 
14.9 
13.6 
26.5 

39-7 was subjected to three rapid washes with distilled water after exchange 
while no particular care was taken in washing the other three samples. The 
removal of sodium by washing was confirmed by the increase in ion exchange 
acidity after washing and the presence of sodium in the filtrate. In  one experi- 
ment a sample regained 2& of the ion exchange capacity after continuous 
washing for five hours, followed by contact with water for three days, and in 
others 1 0 0 ~ o ,  of the ion exchange capacity was recovered after washing for 
seven days. 

28.6 
24.5 
20.8 
18.2 
16.9 
15.2 
13.8 
26.7 

Batch Sulphate, m.e./100 gm. 
No. 1 

Gravimetric Sodium 

-2.4 
+3.0 
+1.0 
+6.0 
+2.0 
+2.0 
+1.0 
+1.0 

Per cent 
difference 
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I t  was found that the physical state of the sample had a considerable 
influence on the ion exchange process. A sample of batch 29-1 was boiled for 
five minutes in water and then for 10 min. in 50% alcohol (29-2) while another 
sample was boiled for five minutes in water followed by five minutes in absolute 
alcohol (29-3). The  sulphate determined by the gravimetric, titration, and 
calcium methods is shown inTable IV. 

TABLE I V  
EFFECT OF SAMPLE TREATMENT ON ION EXCHANGE 

- 
I 

I Sulphate 

Titration Calci~~nl  
Gravimetric, I-- 

m.e./100 gm. Per cent m.e./100 g n ~ .  I- Per cent 
difference 1 1 difference 

NORMALITY NoCS 

0 0.0376 

0 .00848  

X 0 .0034 

0.00107 

1000 

M I NUTES 

FIG. 2. Effect of salt concentration on Na+-H+ exchange, cellulose acetate sulphate (18-6). 

- -p 

100% CAPACITY - 
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KEIRSTE..ID AND 1IfYER.Y: SULPHATE ESTER 571 

The alcohol treatment modified the exchange process considerably and it 
can be seen that the errors with the titration method were large. In  the third 
sainple the sulphate determined by the calcium inethod was high, suggesting 
that the calcium ions may also be adsorbed. 

The effect of the ilormality of the salt solution is demonstrated in Fig. 2, 
which shows some curves of acidity against time for exchange in sodium 
chloride solutions. With norinalities greater than 0.01, exchange was quite 
rapid but below this normality the time for exchange increased rapidly. 

The effect of pH on exchange in a 0.2 N sodium chloride solution is shown 
in Table V for two samples of ester. 

TABLE V 
EFFECT OF pH ON I O N  EXCHANGE 

Batch TYP~ Sulphate, Sulphate, Per cent 
No. m.e./100 grn., m.e./100 gm., difference 1 1 gravimetric 1 pH 1 titration. 1 

The sulphate determined by titration was very sensitive to pH, particularly 
for precipitated samples. 

Heat Stability of Cellz~lose Acetate Sz~lphate 

Commercial methods for the determination of the thermal stability of 
cellulose acetate depend either on the charring temperature or the liberation 
of acetic acid by hydrolysis of the moist sample (4). In the present investigation 
the stability of the inixed ester was determilled by a heat test used previously 
for unstabilized nitrocellulose. The test has been adapted from the 110°C. 
test described by Reeve and Giddens (12). Dry air a t  65 f 0.5"C. was used 
to sweep decomposition products from the sample and an iodometric method 
used to detect the first traces of volatile acid. The time in minutes talten 
for a change in the color of the indicator is regarded as a measure of the 
stability of the sample. Some typical results are shown in Table VI, each 
value being the mean of several determinations. 

The  stability of sanlples of fiber was increased by the substitution of 
hydrogen by  calciunl but in one sainple of precipitated material examined, ion 
exchange decreased the stability. The stability of the precipitated material 
was very much greater than that of the fiber material. Preliminary studies on 
unstabilized cellulose nitrate using the same test have indicated an increase 
in stability after ion exchange. In one experiment the stability time for the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



572 C.4A7dDIAiV JOURNAL OF C H E M I S T R Y .  VOL.  32 

TABLE VI 
HEAT STABILITY OF CELLULOSE ACET.4TE SULPHATE 

I I I 

Sulphate 1 Stability (minutes) 
content, --- 

mgm. H2SOd/100 gm. I Untreated I Ca treated 

*Figures in brackets are duplicate determinations. 

5: 

, I  

52 
18 
29 
40 
28 
32 

51 
44 

untreated sample was six minutes. After ion exchange with calcium, the 
stability time was increased to 41 min. 

Fiber 
, I  

, 
' 

1, 

Pdtd. 

Determination of Dry Weight 

The poor stability of cellulose acetate sulphate precludes the use of a 
heated oven for drying the samples. The  decomposition effected by heating 
resulted in a detectable odor of acetic acid in samples dried a t  65°C. I t  was 
found that decon~position could be reduced to a minimum by vacuum drying 
a t  room temperature. The moisture determined by this method agreed within 
ly0 with that obtained by drying a t  40°C., 60°C., and over phosphorus 
pentoxide a t  room temperature. The acetyl content of the vacuum-dried 
material agreed within 1% with the value found on the damp sample. Unlike 
the product dried in excess of nine hours over phosphorus pentoxide, the 
vacuum-dried samples showed no change in color. Where possible, experi- 
ments were done with a damp sample. Two methods were used to obtain the 
dry weight. In the first method the dry weight was found by determining 
the moisture content of a portion of the sample and in the second, the sample 
was dried after the experiment. 

DISCUSSION 

The  results reported above showed that sulphate content determined 
by titration of the hydrogen ion liberated by ion exchange with sodium or 
calcium chloride was always less than that determined gravimetrically as 
barium sulphate. In most cases the results obtained by estimation of calcium 
on the sample after ion exchange agreed with the gravimetric results within 
the limits of the experimental error, but it  was found that those obtained 
by the determination of sodium were usually low and special precautions were 
essential during the washing of the sample to prevent removal of sodium. 
I t  was also demonstrated that treatment of the sample by boiling in alcohol, 
and the pH of the exchange medium, greatly affected the results. The equili- 
brium between the sodium and hydrogen ions is apparently quite critical 
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KEIRSTEAD A N D  M Y E R S :  SULPHATE E S T E R  573 

and affected greatly by  snlall changes in experimental technique. There was 
some evidence to  suggest that  adsorption of hydrogen ions by  the sample was 
responsible for the low results obtained by the titration method and the 
results in Table IV show that,  under certain conditions, calcium ions were 
adsorbed. Determination of calcium on the sample after ion exchange with 
calcium chloride solution gave the best results for the amount of sulphate 
present as RS04H. 

DAYS 

FIG. 3. Hydrolysis of cellulose acetate sulphate. 

The  greater stability of the calcium-treated fiber samples as determined 
by  the stability test described was in agreement with the greater stability 
to hydrolysis of the treated material as shown below. Further work is required 
to  determine the decreased stability of the precipitated sample after treatment 
with calciuxn chloride, and also to investigate the very large difference between 
the stability of the fiber and precipitated samples. The  difference in physical 
form may be responsible for the latter effect. 
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Precisio~z and Accz~racy of the i l fet /~ods 
Hydrogen Iolz 
The amount of free acid in the sample was reduced to a nlinimu~n before 

an experiment by giving 2.5 gm. samples five-minute washes in 100 ml. of 
distilled water until the acidity was less than the equivalent of 0.80 ml. of 
0.01 N sodium hydroxide. The rate of formation of acid by hydrolysis from 
a typical sample coiltaining about l.G% of sulphate is shown in Fig. 3 for a 
30-day period. The amount of acetic acid released per day decreased rapidly 
while the amount of sulphuric acid decreased only slightly. Another sample was 
examined after ion exchange with 0.02 N calcium chloride. I t  can be seen 
that the amount of acetic acid for~ned was much less and reached zero after a 
few days, while the sulphate hydrolysis was not affected. The increased 
stability of the salt form of cellulose esters has been observed previously 
by Hoffpauir and Guthrie (8). All samples were normally stored in distilled 
water until required and then used within 4 to 14 days. It  was shown that 
the amount of acid liberated by hydrolysis during an experiment could be 
regarded as negligible. 

Sulphate 
Known amounts of standard solution of sulphuric acid were added to 

samples of a batch of low sulphate content. The total sulphate was determined 
in triplicate and compared with the figure calculated from the known initial 
content and added amount. The results are shown in Table VII. 

TABLE VII 
PRECISION AND ACCURACY OF SULPHATE DETERMINATION IN CELLULOSE ACETATE 

I I 

From the 95% confidence level calculated by the method of Dean and 
Dixon (2) from the triplicate determinations it can be see11 that the average 
value was precise to better than 1% when the sulphate level was greater than 
20 mgm. sulphuric acid, which is equivalent to  10.2 m.e./100 gm. I t  is con- 
cluded that the accuracy and precision. of the method are better than 1% 
except for sulphate concentrations below 10 m.e./100 gm. 

Calcium 
Precision and accuracy were determined by adding known amounts of a 

standard calcium solution to sanlples of cellulose acetate sulphate. Deterinina- 
tions were made in triplicate and a correction made for the blank done on the 
original sample. The results are shown in Table VIII.  

Initial sulphate found, 
mgm. of H~SOI 

Sulphate added, 
mgm. of HzSOA 

Total sulphate 
-- 

Calc. [ Found 
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TABLE VIII 
PRECISION AND ACCURACY OF THE CALCIUM DETERMINATION 

C a l c i ~ ~ m  added, mgm. Calcit~nl found, mgm. 
-- i 

The 95% confidence levels calculated by the method of Dean and Dixon 
(2) show that the precision was better than I%, although both results were 
about 1% low. 

EXPERIMENTAL METHODS 

Materials 

Cellulose 
Two kinds of cellulose were used for acetylation: 
(a) Wood cellulose.-B.C. rayon pulp having the following analysis: a- 

cellulose, 91.7%; ash, 0.07%; iron, 0.0002%. This cellulose was supplied by 
Canadian Industries Limited. 

(b) Cotton linters.-High grade cottoil linters were supplied by the Hercules 
Powder Company. 

Acetone 
The acetone, supplied by the Standard Chemical Company, was redistilled 

before use. 

Cellzilose Acetate Szilphate (Solvent Process, Batch No. 21) 

Malm's method (10) was followed. 
Cellulose (40 gm., 1 part) was added to acetic acid (96 gm., 2.4 parts) 

and stirred for one hour a t  38°C. A mixture of acetic acid (160 gin., 4 parts) 
and sulphuric acid (0.352 gm.) was then added. Mixing was continued for 45 
min. After cooling to 15°C. a mixture of acetic anhydride (108 gm., 2.7 parts) 
and sulphuric acid (2.45 gm.) was added. The temperature rose to 30°C. in an  
interval of two hours by which time the cellulose had dissolved. A drop of the 
dope when pressed between two n~icroscope slides and examined with a 
magnifying glass showed only traces of fibers. 

A mixture of acetic acid (80 gm., 2 parts) and water (80 gin., 2 parts) 
was added during a five minute period. After the aqueous acetic acid was 
addecl and thoroughly mixed, the dope was transferred to a llydrolysis bath 
a t  35°C. After 24 hr., the dope was slowly poured into distilled water stirred 
a t  high speed in a Waring blendor. 

The precipitated cellulose acetate sulphate had a moisture content of 
92.7% after it had been washed with distilled water, suclted dry on a Buchner 
funnel, and pressed between filter paper. Analysis: apparent acetyl 32.2%; 
sulphate, 990 mgm. H2S04/100 gm. The acetyl was determined by a standard 
method (6). The cellulose acetate sulphate was kept in a large volume of 
water until required. 
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Cellulose Acetate Sulphate (Fibrous Process, Batch No. 68) 

The  preparation is similar to  U.S. Patent 2,143,332 (by Sindl and Frank 
(14)). Cellulose (80 gm., 1 part) was treated with 99.5 acetic acid (960 gm., 
12 parts) for 12 hr. The  excess of liquid was then removed by centrifuging 
until the weight of the mass was 2.4 parts (192 gm.) 

Acetylation was effected by a mixture, preliminarily cooled to 5"C., con- 
sisting of benzene (704 gm., 8.8 parts), acetic acid (160 gm., 2.0 parts), acetic 
anhydride (240 gin., 3.0 parts), and sulphuric acid (12.8 gm., 0.16 parts). 
The  temperature was alloli~ed to  rise gradually to  25°C. After 24 hr., the 
fibrous acetate was soluble in acetone and in a mixture of methylene chloride 
(9 parts) and alcohol (1 part). 

The  acetylation medium was removed by centrifuging. The product was 
washed twice with benzene,once with ethyl alcohol, and repeatedly with distilled 
water. Analysis: apparent acetyl, 38.5y0; sulphate, 2876 mgm. HzS04/100 gm. 
After ion exchange with calcium, the analysis (for calcium) showed 1.00 
equivalent of acidity for each sulphate group. 

Determination of Sulphate 

The  method used was a modification of that  developed by Dunnicliff 
(5) for the determination of sulphate in nitrocellulose. While the method is 
long and tedious it is capable of good precision and accuracy. A sainple of 
2 to 3 gm. (dry weight) was weighed and transferred to a 400 ml. tall bealter. 
Concentrated nitric acid (25 ml.) was added so as  to wet the sample thoroughly. 
The  beaker mas covered with a watch glass, and the contents boiled gently 
on a hot plate. When the evolution of brown fumes subsided, small portions 
of potassiuin chlorate were added periodically until the liquid became a 
pale yellow; a total of 1 gm. of potassium chlorate was usually adequate. 
The  contents of the bealter were then evaporated to dryness and the beaker 
removed from the hot plate. Nitric acid (25 ml.) followed by potassium clilorate. 
(about 0.5 gm.) was added and the contents again evaporated to  dryness. 
If the  residue was not then white in color, the process was repeated. Con- 
centrated hydrochloric acid (25 ml.) was added to  the beaker and the contents 
evaporated to dryness. T o  ensure the complete removal of nitric acid the 
process was repeated with another 25 ml. portion of hydrochloric acid. T h e  
residue was dissolved in water and filtered through fast filter paper. The  
filtrate and washings were diluted with water to  200 ml., 2 drops of concen- 
trated hydrochloric acid added, and the mixture heated to boiling in a 200 
ml. covered beaker. Ten per cent barium chloride solution (10 ml.) was added 
drop by drop with constant stirring. Boiling was continued for a few minutes 
and the beaker placed on top of an  oven a t  100°C. for six hours. The  precipitate 
was collected in a tared porous-bottom porcelain crucible, heated in a muffle 
furnace a t  800°C. for one hour, cooled in a desiccator, and reweighed. 

Determination of Calciunz 
The  method was siinilar to tha t  developed by  Schwarzenbach et al. (13) 

for the determination of water hardness and is based on the formation of a 
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soluble chelate with ethylenedia~ninetetraacetic acid (EDTA) a t  a pH of 
10, the end point Reing detected by the formation of a colored complex be- 
tween EDTA, magnesium, and the azo dye eriochrome black. Organic material 
was first destrol-ed by digestion with nitric acid ant1 potassium chlorate as 
described above, and the residue dissolved by warming with distilled water 
(200 ml.). When larger amounts of calciun~ sulphate were present, it was 
sonletimes necessary to use a greater volu~ne of water. The resulting solution 
was neutralized a i d  then buffered by adding30 ~ n l .  of a solution containing 67.5 
gin. aininoilium chloride and 570 ml. of concentrated ammonia in 1 liter. 
Eight drops of indicator solution (0.5 gin. of eriochrome black in 50 ml. of 
triethanolamine) were added and the solution titrated with a solution con- 
taining 9.5 gm. of the disodium salt of ethylenediaminetetraacetic acid, 
0.1 gm. of anhydrous magnesium chloride, and 0.5 gm. of caustic soda to  
the liter. The EDTA solution was standardized against a calcium chloride 
solution containing exactly 1 mgm. of calcium per ml. The indicator solution 
was prepired by the n~etliod proposed by Diskant (3). 

A weighed sample (about I gm.) was transferred to a 125 ml. Erlenmeyer 
flask and digested with concentrated nitric acid (15 ml.) on a steam plate 
until a clear amber-colored solution was obtained. Concentrated sulphuric 
acid (I  ml.) was added and digestion continued until sulphur trioxide fumes 
were evolved. Concentrated nitric acid was added drop by drop until all 
carbonaceous matter had decomposed. The flask was removed from the hot 
plate, washed down with distilled water, and again heated until evolution 
of sulphur trioxide almost ceased. The solution was allowed to cool and was 
made up to 100 ml. Five milliliters of the solution was used for the sodium 
estimation in the Beckman Model DU Spectrophotoineter with the Model 
9200 flame attachment. The sodium content was first estimated from the 
standard curve for the instrument prepared over the range 0 to 200 parts 
per million of sodium from standard solutions of sodium which were prepared 
from a master solution containing 5012 parts per million of sodium. All 
standard solutions were stored in polythene bottles to prevent contamination. 
The sodium concentration was then determined more accurately by com- 
paring the flame intensity with that of two standard solutions containing 
respectively slightly less and slightly more sodium and differing in sodium 
concentration from the unknown by not more than 15 parts per million. The 
exact sodium concentration was determined by interpolation using the 
formula: 

where x = concentration of sodium in the unltnown, 

A = coilcentration of sodium in the standard of lower concentration, 
= concentratio11 of sodium in the standard of higher concentration, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C.-INrlDI.4~V JOIIRN.4 L OF CIIE'WISTRY. VOL. 32 

I.4 = flaine intei~sity of A in transmission dial  ini its, 
I B =  Aame intensity 01 B in transmission dial units, 
I, = flame intensity of x iin transinission dial units. 

T h e  PI-ocedure used with the flame photometer was similar to that clescribed 
in Beclanan bulletin 259A. 'The instrunlent settings used were: 

Selection switch 0 . 1  
Wave length 5S9 inp 
Slit 0 .  10 mm. 

The  average of five separate transn~ission dial readings was talien when 
calculating the exact sodiu~n content. 

Hydrolysis of Cellz~lose Acetate Sulphate 
X sample of about 15 gm. was shaken with 250 ml. of distilled water a t  

room temperature and allowed to stand for 2 to 14 days depending on the 
time the original batch had been in contact with water without change. The 
water was removed and the sample washed, the filtrate and wash water being 
discarded. T h e  sample was then treated with distilled water for 24 hr., filtered, 
and washed with three lots of 75 ml. of distilled water. The filtrate ancl the 
washing-s were made up to 500 1111. Sulphate was determined tu rb ido ine t r i~a l l~  
(11) and total acidity by titration with 0.01 N sodiurn hydroxide, using 
phenolphthalein as  indicator. Acetic acid was calculated by difference. 

Drying Samples a ~ z d  Determining Moistzlre Content 
The  material was dried a t  room temperature in an  evacuated chamber 

through which a slow stream of dry air was contin~iously bled. The  initial 
drying was effected by  the use of a water aspirator \vliich maintained a 
vacuuin of about 20 mni. with an air flow of one bubble per second. After the 
removal of the bulk of the moisture, the  water aspirator was replaced by a 
high vacuum pump and drying was continued until constant weight was 
attained. Several samples (20 gm. damp weight) could be dried in about 
24 hr. The  equipment consisted of a vacuuill chamber (Cenco # 95056) 
fitted with a needle .valve to control the rate of air adillittecl ant1 with a 
vacuuin gauge to determine the degree of evacuation. T h e  air entering the 
chamber was dried by  passage through an  absorption bottle containing 
sulphuric acid and a drying tower of calcium chloride. 

Stability Test 
Air, clried and free of carbon dioxide, was passed over the dry .sample 

(0.5 gm.) which was maintained a t  65' f 0.5'C. The  volatile decomposition 
products were carried by the air into the indicator solution. The  time lapse 
between the insertion of the sanlple and the appearance of the first blue in the 
indicator solution was recorded as  the stability test time. The apparatus is 
shown in Fig. 4 and consisted of a constant-temperature block in which 
U-shaped sample tubes were located. The  sample tube was connected by 
means of a ball joint to  the indicator t ~ i b e  containing the indicator solution 
(1 ml.). The  air passing over the sample was first passecl through towers 
containing respectively calcium chloride and soda lime. The  flow of air was 
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I 
I 

HEATING 
1 

NO. 29/42 
-GROUND GLASS JOINT 

w ' SAMPLE TUBE I 

FIG. 4. Apparatus for stability test. 

50 bubbles per minute. A sintered glass disk was placed in the line to smooth 
out the air flow. 

The  indicator solution contained 20 ml. of each of the following stock 
solutions: (1) potassium iodide solution (2 gm./100 ml.), (2) potassium iodate 
solution (1 gm./100 ml.), (3) sodium th ios~~lpha te  (0.001 N) and 10 drops 
starch solutio~l (0.5%). The  stock solutions were prepared from carbon- 
dioxide-free lvacer. Ion-free water from a Barnstead Demineralizer was 
found convenient. Fresh indicator was prepared each da)7 and kept in a 
brown bottle. 
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EFFECT OF GELATIN ON THE CHANGES IN INITIAL CATHODE 
POLARIZATION DURING ELECTRODEBOSBTHON OF COPPER1 

ABSTRACT 

In  the absence of addition agent, the cathode polarization during initial 
electrolysis of copper from a solution of acid copper sulphate rose almost instan- 
taneously from zero to approximately the steady state polarization. When 
gelatin was present in the electrolyte, the polarization generally increased to a 
maximum, P,,,, (in time h,,) then decreased to a minimum, P,,,, (in.time tmin) 
beyond which it increased to  the steady state value, P,. Generally, P,,, increased 
to  a steady value with an increase in the time, To, the electrode was in contact 
with the electrolyte before electrolysis was begun. At low, moderate, and high 
current densities respectively, t,,, increased continuously, passed through a 
maximum,and decreased continuously with TO. The behavior of t,,,, approximately 
paralleled that  oft,,. The polarization was linear in the logarithm of the current 
density; t,, and tml ,  decreased with increasein curreilt density. The polarization 
values increased and t,,, decreased, with increase in gelatin concentration. 
Increase of temperature had approximately the same cffcct as decrease in current 
density. With both chloride and gelatin present, P,, was practically independent 
of TO and chloride concentration, while Pmh and P, showed minimum values 
a t  about 2 mgm./l. chloride. 

INTRODUCTION 

Previous studies have shown that,  during electrodeposition of copper in 
a Haring cell, the cathode polarization generally changes until a steady state 
value is reached (1, 2). This steady state polarization is increased when 
gelatin is present in the electrolyte (3). These observations, originally made in 
cells that perlnitted convection currents upward past the cathode face, have 
been substantiated in convection-free systems (7). 

A cathode-ray oscillograph has now been used to study the effect of gelatin 
on the initial, rather than on the steady state polarization, under a variety of 
conditions. The experimental results obtained are recorded in the present 
paper. 

EXPERIMENTAL 

Experiments have been made in both a standard type (horizontal) Haring 
cell (I) and in the modified (vertical) cell in which convection currents are 
eliminated (6). Each type of cell contained 150 ml. of air-saturated electrolyte, 
and in each the apparent area of electrode surface immersed was 10 ~111.~ 

Steady or slowly changing poteiltials were ineasured with a Leeds and Northrup 
type K2 potentiometer. The rapidly changing initial potentials were obtained 
with either a DuMont 304-H cathode-ray oscilloscope or a Brush BL932- 
RL201 recording oscillograph. The copper sulphate and sulphuric acid were 
reagent grade, the water was twice distilled, and the gelatin was U.S.P. 

l&!anz~script received Decet~zber 4, 1953. 
Col~tribution from the Physzcal Chemistry Laboratory, -4lcGill University, witlr finan- 

cial assista?zre from the National Research Cozincil of Canada. 
"older of a National Research Council Fellowship. 
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grade. Gelatin solutions, prepared a t  room temperature, were used withill 
30 111.. 

A standard surface was obtained on each cathode before it was used, by 
electrodeposition 011 it a t  25O(3. from a standard electrolyte (125 gm. CuS04. 
5H20 and 50 ml. conc. H2SOd per liter of solution) a t  an apparent current 
density of 3 a n l p . / ~ l m . ~  for 30 min., followed by  2 amp./dm."or one hour. The  
polarization a t  the  end of this time was 110 f 5 mv. 

The  cells and so l~~ t i ons  were brought to the desired temperature in a suitable 
thermostat. T h e  standard surface was laid down on the cathode in one cell, 
after which the electrode assembly was quickly transferred to  another cell 
containing the electrolyte to be examined. The  immersion time, To, is defined 
as  the time the electrode was in contact with the electrolyte before current 
was passed. The  cathode compartment of the Haring cell was connected to 
the oscillograph before the current was turned on. After the initial rapid 
changes of potential had been determined with the  oscillograph, deposition 
was continued and the change of potential to the steady state followed ~v i t h  
the potentiometer. The  level of reproducibility in the various experiments to 
be discussed was generally the order f 5%. 

RESULTS 

General O b s e r v a t i o 7 z s  

When current was passed in the absence of addition agent the polarization 
increased almost instantaneously to  about 100 mv., then changed more slowly 

FIG. 1. Typical curves to show the effect of ilnrnersion time on P,,,, PInI,, and P,, a t  
different gelatin concentrations. Current density 2 amp/dm." temperature 25'C. Curves 
l-Pmax, 2-pmh, 3-p s. 

A-1, 13-10, C-25, D-100 mgm. gelatinlliter of standard electrolyte. 
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to the steady state value. However, whei1 gelatin was present in the electro- 
lyte, the polarization generally increased rapidly to a maximuin, then de- 
creased to a minimum, beyollcl which it again increased slowly to the steady 
state polarization characteristic of the gelatin concentration. For convenience 
the polarization rnaxi~llum is designated as P,,,, the ~ninimunl as Pmin, the 
steady state polarizatibn as P,, the time req~lired to attain P,,, as t,,,,, and 
the tiine to attain Pmi, as  tmln. The observations in the absence of addition 
agent were inclependeilt of To but  in the presence of gelatin there were changes 
in the initial polarization pattern as  To was altered. 

The Efect of Gelatin 
Changes were observed in the polarization pattern with changes in im- 

mersion time, gelatin concentration, current density, and temperature. 
The  curves in Fig. 1 are typical for the changes in P,,,, P,!,, and P, with To 
a t  different gelatin concentrations. Relations of the same general type mere 
obtained between these quantities when the current density and temperature 
were varied, although there were differences in matters of detail. For esample, 

-0.7 -0.3 +O.I +0.5 
LOG C.D. G E L A T  l N CONC. 

MGM./ L. 

FIG. 2. S~lmniary of the effect of temperature, current density, and gelatin concentration 
on P,,,, Pub, and P.. To > 75 min. Curves 1: P,,; 2: Pmh; 3:  P,. 

A. Immersion and deposition a t  temperature plotted. 
B. Immersion a t  temperatures plotted, electrode then transferred to electrolyte a t  25°C. 

and deposition begun a t  that temperature after 2 min. 
For both A and B, gelatin concentration = 5 mgn~./l., current density = 2 amp./dm2 
C. Effect of current density. Temp. = 25"C., gelatin concentration = 5 mgrn./l. 
D. Effect of gelatin concentration. Temp. = 25"C., current density = 2 amp./dln." 
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the relative positions of the three CLII-ves were altered by suitable changes 
in current density and temperature, while a t  sufficiently low current densities 
( < 0 . 5  amp./dm." 110 minimum at  all appeared in the potential-time curve. 
The influence of the various' factors on the potential values may be sum- 
marized as in Fig. 2 ,  for values of To (generally > 75 min.) where the potential 
values become practically constant. 

The changes in t,,, and t,IllIl with To, a t  different gelatin concentrations, 
are shown in Fig. 3, as further indication of the reasonably syste~natic be- 
havior of the initial polarization pattern with alteration of the conditions of 

2.4 

" 1.6 
1 
X 

5 0.8 Q 
e 

GELATIN CONC. 

FIG. 3. Effect of immersion time on t,,, and tmin, a t  different gelatin concentrations. 
Current density 1 amp./dm.? Temp. 25°C. 

electrolysis. The analogous curves a t  different current densities are shown 
in Fig. 4. Curves for the effect of tenlperature on t,,, and t,,,, are not repro- 
duced but the results may be briefly summarized. With i~nlnersion and de- 
position (2 arnl~./dm.~, 5 mgm./l. gelatin) a t  3'i°C., t,,, passed through a 
maximum (ca. 6 sec.) a t  To = 80 min., while t,,, increased steadily from 
about 20 sec. a t  To = 15 min. to 55 sec. a t  To = 180 min. A maximum in 
t,,, (at 2.5 sec.) was also observed a t  25OC. when T o  was about 80 nlin., while 
a t  this temperature tmln passed through a slight minimu~n (at 10 sec.) for 
To = 40 min. and became essentially constalit a t  20 sec. for To > 120 min. 
At 10.5"C., t,,, was much decreased. Both t,,, and t,Dln showed little change 
from the values 0 . 5  sec. and 9 sec. respectively with increase of To.  

Preliminary experiments showed that the absolute values of P,,, and P,,, 
depended upon the method of dissolving the gelatin. The value of P,,, and 
Pmh decreased with 
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0 4 0  80 120 160 200 
To - MIN. 

FIG. 4. Effect of current density on t,,, and t,,h. Gelatin conc. 5 rngm./l. Temp. 25°C. 
CURVE No. CURRENT DENSITY (amp./dm.?) 

1, 2 
2, 7 1 ,  2 8 0.75 

0.50 (No miriimum observed) 
5 0.25 (No minimum observed) 

(a) an increase in the age of the electrolyte containing gelatin, 
(b) an increase in the temperature a t  which the gelatin solution was 

prepared. 
Extremes in either factor also lowered the steady state polarization. 

The effect of molecular weight of the gelatin on the polarization pattern 
was studied in two ways. Fractionation of the stock gelatin by coacervation 
(5) gave two portions of molecular weights* 94,500 and 14,500, while average 
molecular weights ranging from 55,000 to 9,500 were obtained by degrading 
a 1% gelatin solution a t  100°C. for various lengths of time. Except for small 
changes in the absolute potentials there was little alteration of the initial 
polarization pattern with a change in the molecular weight of the gelatin. 

The effect of the cathode surface on the polarization pattern was also 
investigated with two types of surface other than the standard. One of these 

*The molecular weight of the gelatirt was determined by ztsing the relation between the intrinsic 
uiscosity and the tnoleczclar weight established by Pozrradier and Venet (5) N = 1.66 X 10-5 
M0.885. 
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was the base metal of the copper stocl; after it had been etchecl in 50% nitric 
acid. The  other was the base metal ground with 120 mesh emery po\\rder. 
The grouncl surface was allowed to stand in stanclarcl electrolyte for several 
hours before the experiment was begun. 

Whereas with the stanclarcl deposited surface the build-up in potential 
to P,,, coulcl actual1~- be observed, the polarization a t  the etched surface 
in the presence of gelatin showed only a rapid decrease to Pml, from some 
higher value, followecl by a slow increase to P,. The initial high value of the 
potential increased wit11 T o  in a manner similar to  that observecl for P,,,,, 
on a deposited surface. Experiments in the absence of gelatin showed no 
such potential pattern. At 2 amp./cIm.? and 25°C. the .initial potential ob- 
served was approximately 65 mv. and this increased to  a P, value of 100 nlv. 

The  immersion time for the ground surface was varied from 9 to 850 min. 
At 2 amp./clm.? and 25°C. the polarization in the absence of addition agent 
rose instantaneously to about 60 mv., then continued to  rise slowly towards 
P,. The  initial polarization pattern observed in the presence of gelatin was 
exactly the same as  that observed in its absence. 

T o  determine whether the observations recorded above were in any way 
peculiar t o  the Haring Cell, polarization measurements 011 a standard surface 
were made with a probe assembly a t  25°C. and 2 amps./dm.? The  results 
paralleled those obtained in the Haring cell, both in the presence and absence 
of gelatin. 

Stirring the electrolyte in the cathode compartment during T o  exaggerated 
the deviations of the experimental points from a smooth curve, but  the 
difference between P,,, and P,,!, still increased as T o  was increased. 

For the experiments in the absence of convection, it was not convenient 
to  prepare the cathode surface by deposition in a separate cell, as in the 
previous experiments. The  same electrode and electrolyte were therefore 
used throughout and the standard surface was the deposited surface of the 
previous experiment. 

Initially the cathode was etched with 50% nitric acid, rinsed, and placed 
a t  the top of the cell. Current was passed until the  measured polarization 
indicated that  hydrogen was being evolved. The  flow of current was then 
stopped and the electrolyte mixed by  tipping and turning the cell. The  im- 
mersion time was measured from this time of mixing. 

The  initial polarization pattern observed in the presence of gelatin with the 
vertical cell a t  0 . 5  a m ~ . / d r n . ~  was similar to the pattern observecl with the 
horizontal cell a t  2 a m p . / d n ~ . ~  T h e  polarization rose to  P,,,, fell to  Pml,, 
then slowly increased until hydrogen evolution occurred. An increase of the 
current density to  2 anlp./dm.? in the vertical cell did not change the 
polarization pattern. 

The Eflect of Chloride and Gelatin 

The  steady state polarization measured in an electrolyte containing gelatin 
is lowered considerably by the addition of a small amount of chloride ion (4). 
As the amount of chloride is further increased, the  polarization again in- 
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PARSONS AND IVIlVKLER: INIT IAL  CATHODE POLARIZATION 587 

creases. I t  ~ v a s  obviously of interest to deterinine \vhetl~er this behavior 
might be reflected in the initial polarization values. 

The  effect of chloride on the initial polarization pattern in the absence of 
gelatin and in the presence of gelatin is shown in Fig. 5 .  The chloride ion 
was introduced into the standard electroljrte from a concentrated sodium 

U - Tn- MIN. 

FIG. 5. The effect of chloride 011 the initial polarization pattern. Current density 2 amp./ 
dm.? Temp. 25°C. 

Parts A ,  C, and D.- Curves 1, 4: Pm,; 2, 5: P,,,; 3, 6: P,. 
Part B.-Curves 1,  3: first recorded polarization; 2, 4: P,. 
A. The effect of the  immersion time on the  polarization pattern. Gelatin concentration: 

25 mgm./l. Chloride ion concentration: 2 mgm./l. 
13. The effect of chloride in the  absence of gelatin. Curves 1, 2: 2 mgm./l. chloride; 3, 4: 

10 mgm./l. chloride. 
C. The effect of immersion in electrolyte containing 25 mgm./l. gelatin for 75-80 min., 

then immersion in electrolyte containing both gelatin and chloride for the specified period 
of time. Curves 1, 2, 3: 2 n~gn~. / l .  chloride; 4, 5, 6: 10 mgm./l. chloride. 

D. The effect of chloride concentration 011 the initial ~olarization  att tern. Gelatin 
concentration: 25 mgm./l. Immersion time: 75-80 min. 

chloride stock solution. The  effect of the immersion time on the initial polar- 
ization pattern in electrolytes containing both gelatin and chloride was 
determined in two series of experiments. I n  the first the prepared cathode 
was transferred, in the usual way, to the Haring cell containing the electrolyte 
to be examined. After the specified immersion period the current was turned 
011 and the initial polarization recorded. I n  the second series the cathode was 
immersed for 75-80 min. in electrolyte containing 25 ingm./l. gelatin, then 
transferred to  the test cell containing gelatin and chloride for further im- 
mersion, To, before deposition was begun. 
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While the addition of chloride to electrolyte containing gelatin hat1 a pro- 
found effect on the P,,,-To relation, the most interesting feature of the 
results is perhaps that,  a t  long imnlersion times, P,,, was virtually uninflu- 
enced by chloride io,l concentration, whereas both P* and P ,  passed through 
minima corresponding to that observed for P,  in the earlier studies (4). 

ANODE POLARIZATION 

The  polarization pattern a t  the anode was also observed to 1-eilect the 
presence of gelatin in the electrolyte. 

The standard surface chosen for the anode was the base metal of the copper 
stock. Initially, the anode was brought to red heat in an  oxygeil flame, then 
etched cleeply with 50% nitric acid. The  final surface was prepared by anodic 
solution into the electrolyte containing gelatin a t  25'C. and 2 amp./dm." 
Experiments were made in succession upon the same electrode. 

The  polarization pattern observed with gelatin-free electrol-),te nras siinilar 
to tha t  obtained in the cathode compartment. The  anode polarization a t  
25°C. and 2 amp./dm.' was observed to rise from zero to approxin~ately 
35 mv. within 0.02 sec., and to remain a t  approximately this value as  solutioil 
of the anode continued. The  immersion time had no effect on the measured 
quantities. 

When the electrolyte contained gelatin the initial anode polarization de- 
creased from a very high value to an  essentially steady state value within 
0.25 sec. The  magnitude of the first polarization value i t  was possible to 
record increased with immersion time, from 68 mv. a t  To = 2 min. to  100 
mv. a t  T o  = 20 min., and then remained practically constant with further 
illcrease of To. The  steady state anode polarization showed a slight increase 
from 50 mv. a t  To  = 2 min. to 56 mv. a t  T o  = 10 min., a t  which value it 
remained constant with further increase of To. 

DISCUSSION 

The  results of the present study demonstrate a sensitive and reasonably 
systematic behavior of the initial polarization pattern with changes in conditions 
of electrodeposition in the presence of gelatin. Preliminary work with other 
addition agents has indicated that gelatin is not unique in modifying the 
changes in initial polarization and that the changes observed with different 
addition agents are of various types. I t  may be expected, therefore, that  
further studies of such patterns should be useful in interpreting the action of 
addition agents generally. 

The  dependence of P,,, and t,,, on To serves to emphasize the processes 
that  occur when the cathode is immersed in the acid electrolyte containing 
gelatin, and before current is passed. These processes are presuinably corrosion 
and adsorption, and it seems reasonable to suppose that  after sufficiently 
long immersion times, a steady state is attained in respect of these two pro- 
cesses. While adsorption of gelatin, as such, probably occurs, the formation 
of coxnplexes with cupric and cuprous ions formed during the corrosion process, 
and their subsequent adsorption might also be important. I t  is hoped tha t  
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soine indication of the part played by copper ion - gelatin complex forination 
might be obtained from a study with simple amino acids, now iu progress 
in this laboratory. 

I t  is not proposedto attempt a detailed explanation ol  the results obtained 
in the present study, since an unequivocal interpretation has yet to be found 
for the mere existence of the observed nlaxima and minima in the polarization- 
time curves. Even a tentative explanation of these seeins to require that ,  
since P,,, depends upon To ,  it depends upon the extent to which the electi-ode 
surface is covered with gelatin (or copper-gelatin complex), and that  this, 
in tul-11, is related to the extent that  gelatin is depleted in the vicinity of the 
cathode when deposition is begun. Thus ,  for relatively large extent of un- 
covered surface, corresponding to relatively s~na l l  values of To, the supply of 
gelatin adjacent to the cathode might be considerably depleted when the 
current is switched on, while the reverse argument would apply for larger 
T o  values. 

The  mechanism by which gelatin might suffer such depletion is not known. 
I t  could conceivably involve complex formation with cuprous ions a t  the 
cathode surface, or it might be due merely to adsorption on uncovered or 
newly deposited copper surface, perhaps accentuated by the negative charge 
on the cathode. Replenishn~ent of gelatin a t  the cathode-electrol>~te interface 
would be mainly by convection, and should have little influence on the 
polarization pattern during the initial changes. Event~lally,  of course, a 
steady state should be established between the rates a t  which gelatin is 
brought up to, and used up a t  the cathode. 

On the basis of the preceding ideas, serious depletion of gelatin might be 
expected in the iinnlediate neighborhood of a freshly prepared cathode, with 
its relatively large amount of uncovered 'surface, when it is immersed in 
electrolyte containing gelatin and the current turned on after a short interval, 
i.e. small To value. Hence, the initial rise of potential due to the action of the 
addition agent shoulcl be followed by a tendency for the potential to decrease 
as deposition is continued in an environment impoverished of gelatin. Accord- 
ingly, a maximum in the potential-time curve might be expected. Obviously, 
the more the electrode is covered with addition agent before the current 
is t~lrnecl on, i.e. the larger the To  value, the less initial depletion of gelatin 
there should be a t  the cathode-solution interface. Hence, with increase of 
To the values of both P,,, and t,,, should tend to  increase, since the initial 
potential increase should continue longer and to higher values before depletion 
of gelatin a t  the newly deposited surface reverses the trend. This type of 
behavior was observed a t  low current clensities, bu t  an  optimum or slight 
decrease in t,,, with increased T o  was observed a t  higher current densities. 
I t  is possible, however, that the different relations between t,,, and TO a t  
different current densities simply reflect the different ways in which gelatin 
depletion is related to  the  extent of uncovered surface after To and to deposition 
of new surface. As indicated previously, larger values of To should correspond 
to less depletion, hence larger t,,,, while higher current densities, with con- 
comitant higher rates of deposition of new surface, might correspond t o  
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Illore rapid depletion, hence smaller t,,,. Appropriate combi~latio~ls of To  
and current density conditions might permit the observecl range of t,,,-T, 
relations. 

The existence of P,,,,, folloking P,,,, can also be accounted for, since 
gradual establishment of c.onvection past the cathode face should increasingly 
replenish the gelatin supply and cause a graduat increase of potential again, 
until t he  steady state is reached. 

The tentative interpretation given above is limited to a few outstanding 
features of the present results. Its exterlsiorl to other observations made 
during the study might be oflered, but before this is done it would seem that an 
attempt should be made to get experimental verification of the ideas involved, 
particularly with other addition age;lts. 
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A NOTE ON THE USE OF INDIUM FOR REMOVAL OF MERCURY 
VAPOR IN VACUUM SYSTEMSL 

ABSTRACT 

I t  is shown that  metallic inclium adsorbs mercury vapor quite rapidly after a 
short incluctioil period. I t  is suggested that indium nlay be found useful in 
removing traces of mercury vapor from vacuum systems. 

In  vacuuln systems requiring low mercury vapor concentrations, thecon- 
ventional liquid-air cooled trap between the system and sources of mercury 
vapor is often replaced by a trap containing a Inercury vapor 'getter', e.g., 
metallic sodium, gold, or cadmiurn. Similarly, gold and brass are extensively 
used in traps into which vapors are condensed, prior to distillation into a 
weighing vessel, to  minilnize the transport of mercury into the weighing vessel. 

During the course of another investigation, we observed that inetallic 
indium has a considerable affinity for mercury vapor, and we have subsequently 
made a cursory study of the relative rates of absorption of mercury vapor by 
several metallic foils. 

Small foils of gold, indium, and aluininurn (all 99.95% pure) and brass 
(67% CLI, 33% Zn) were prepared by rubbing with fine emery paper and 
washing with alcoholic potassium hydroxide and water. The grade of emery 
paper enlployed appeared to have little effect on the absorption of mercury 
vapor when expressed in milligrams per planar square centimeter. The foils 
were suspcndcd individually on a quartz spiral about 10 cm. above a pool 
of mercury, and the increase in weight in vacuo observed, using a cathetometer 
in the usual manner. While such an apparatus will not register the ahsorption 
of the first few molecular layers, increments of 0.1 mgm. cm.-"ould be 
detected. 

At room temperature (25'C.), the absorption of mercury vapor by brass 
and nlunlinunl foils in 100 hr. was negligible. I n d i ~ ~ m  was found to absorb 
more readily than gold; this was particularly evident a t  higher 'surface 
concentrations'. 

1 Surface Concentrations 

Spicer and Banick (I)  have recently shown that  indium amalgams con- 
taining 18 to  mercury have a liquidus as well as a solidus phase. The  

Gold 
Iildi~lm 

'Manz~sc~ ip t  receivcd February 19, 1954. 
Contribzrtion from the Division of Pure Chertzistry, Natio7zal Research Coz~ncil, Ottawa, Canada. 

Issued as N.R.C. N o .  3274. 
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formation of this liquidus phase on absorption of illercury vapor led to per- 
foratioil of the foil and, of course, disintegration if the absorption was allowed 
to proceed. We have prepared a more rigicl 'getter' by electrodeposition of 
indium froin the sulphate on fine brass gauze a t  high current densities. The 
rate of absorption of mercury vapor by the gauze was comparable to  that 
by the foil, and the droplets of anlalgam were retained by the brass. 

U~llilte gold, indium foil, regarclless of preparation, required four to  five 
hours in vaczlo before absorption began unless some procedure was employed 
to make an initial deposition of mercury on the surface. Admission of air to 
the system during absorption imposed a similar induction period before 
absorption was resumed. Since admissioil of water vapor or nitrogen to the 
systein did not give this effect, i t  is attributed to the formation of an oxide 
fill11 over the foil. 

The value of indium as a mercury 'getter' will be a function of the mercury 
vapor pressure of the amalgams forlned on absorptio~~. We have attempted 
to  measure the vapor pressures of amalgams containing less than eighteen 
per cent mercury (i.e., solidus phase only) by the effusion method, and have 
found these to be less than 5 X LOp7 mm. Hg, i.e., probably less than a thou- 
sandth of that of mercury vapor a t  room temperature (25OC.).  The rate of 
desorption of mercury from indium foil by a liquid-air cooled trap was found 
to  be less than 0.008 mgm. c n ~ . - ~  hr-l. 

Thus one would expect that under nos t  of the ordinary laboratory con- 
ditions indiunl should be better than gold for removing traces of mercury 
vapor from vacuum systems. The relatively low cost of indium and the ease 
with which i t  can be molded into various shapes, electrodeposited, etc., are 
also to  be borne in mind. I t  may be remarked that indiunl adheres tenaciously 
to glass and consequently castings cannot be removed from glass tubes unless 
the tubes were previously well oiled. 

REFERENCE 
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THE REACTIONS OF METHYL AND ETHYL RADICALS WITH 
DIETHYL KETONE1 

ABSTRACT 

The hydrogen-abstraction reactions cf methyl and ethyl radicals from diethyl 
lcetone have been studied in the t e ~ n p e r a t ~ ~ r e  range 25 to  160°C. Azomethanc 
and azoethane were used as photochemical sources of methyl and ethyl radicals. 
The activation energies fot~nd were 7.0 and 5.6 lccal., respectively, for the 
reactions: 

CII3 + CzHsCOCzH,-+ CHr + C?H.ICOCIHS 
CzHs + CzIIsCOC2Hs-+ CzHs + CzH,COCzHs. 

[ J  I 
PI 

If the combination of both methyl and ethyl radicals is assumed to occur a t  
every collision, the steric factors for the two reactions are El = 7.4 X lo-&, 
E? = 7.1 X lo-'. 

INTRODUCTION 

Studies of the photolysis of azomethane (2) and of azoethane (1) have shown 
that these compounds may be used as sources of methyl and ethyl radicals 
for the investigation of hydrogen-abstraction reactions of the type: 

CH3+ R H - + C H 4 +  R [3 I 
and 

C2H5 + R H  -+ C2H6 + R. @I 
One advantage of the use of azo-compounds in this way is that they may be 
photolyzed by light of wave length greater than 3400 A, where ltetones and 
most other organic compounds are transparent. Azo-compouncls may there- 
fore be photolyzed in their presence without complications due to the simul- 
taneous pl~otolysis of the substances under investigation. 

I t  appeared to be of interest to investigate the reaction of methyl and 
ethyl radicals with diethyl ketone. In the first place this serves as a check 
on the values found for the reaction 

CzH5 + C2HsCOCzH5 -+ C?Hs + CZH4COC2H5 PI 
in the photolysis of diethyl ketone itself (3), and in addition it gives an op- 
portunity to investigate the effect of substituting methyl for ethyl radicals, 
and thus coinparing the rates of reactions [3] and [4] for the same substance, 
RH. 

EXPERIMENTAL 

Azomethane and azoethane were prepared by Dr. Leitch of this laboratory 
(4). Diethyl ltetone was obtained fromEastman Icodak Co. All compounds 
were distilled in vacuo before use. 

The light source was a Hanovia S500 medium pressure mercury arc. The 
apparatus was essentially similar to that used in previous papers froill this 
laboratory. The fused quartz reaction vessel was a cylinder, approximately 

1Manz~scripl received February 3 ,  1954. 
Conlribz~lion from Ihr Diz'ision of Pzrrc Chcnzistry, National Research Cou?tcil, Ottawa, Ca?zada. 

Isszrrd as N.R.C. No. 3273. 
?Nationai Research Cozrncil of Ca?rada Postdoclorate Fellow, 1952-54. 
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5 cm. diameter and 10 cin. Iong. I t  mas completely filled by a parallel light 
beam. Two types ol filter were used to limit the incident radiation to longer 
wave lengths: 

(a) A Corning violet ultra No. 7-37, or 5SG, 6 inin. in thickness, which 
was opaque a t  wave lengths below 3150 A. 

(b) A Corning filter No. 0-52, or 738, opaque a t  wave lengths below 
3400 A. 

The analytical section of the apparatus was the same as that described 
elsewhere (I) .  The N2 - CH, fraction was removed a t  - 195OC., and the 
CzHG - C2H4 fraction a t  - 170°C. Repeated cooling and heating was neces- 
sary to  separate butane from azoethane a t  - 125OC. The Nz - CH4 and 
C ~ H G -  C2H4 fractions were analyzed with a mass spectrometer. To  avoid 
coinplications due to secondary reactions the arno~lnt of conversion of azo- 
ethane was always kept below five per cent. 

RESULTS AND DISCUSSION 

( A )  Tlze Reaction of Metl~yl Radicals with Diethyl Ketone 
When azoinethane is photolyzed in the presence of diethyl ketone, the 

following steps in the mechanisms of their respective decompositions have 
to be taken into account 

CH3N2CH3 + hv -+ 2CH3 + N:! [51 
CH3 + CH3 -+ C ~ H G  LC] 

CH3 + CH3N2CH, -+ CH4 + CHzN2CH3 [71 
CH, + C2H5COCzH5 -+ CH4 + C2H4COC2H5 [I-] 

C2H4COC2H5 -+ CzH4 + CO + C2H5. [81 
If reaction [8] is omitted, a steady-state treatment gives: 

Reaction [8] does not seem to occur to any appreciable extent in the temper- 
ature range 25 - 150°C., especially a t  the rather high intensities used in this 
work. This was confirined by the fact that a t  150°C. no measurable amount 
of COz could be detected in the Nz fraction after it had been passed over 
hot cuprous oxide. Also, less than one per cent of C2H.i was present in the 
C2H6 - C2H4 fraction. 

The values of k7/k6* which are req~~i red  in the calculations have been taken 
from an experimental Arrhenius plot for azomethane alone. For runs with 
three different samples of azomethane no curvature in the plot could be 
found in the low temperature region, contrary to  previous work (2). The 
best line through the points was 

k7/k$ = 8;5 X e-7300pT c111.~/~ molecule-% set.-% 
The results for kl/kst are given in Table I .  In Fig. I ,  log kl/k$ is plotted 

against l /T.  An activation energy of 7.0 f 0.1 kcal. for reaction [4] is obtained 
from the slope of the curve, if the activation energy for the recombination 
of two methyl radicals is assumed to be zero. There is again no curvature in 
this plot at low temperatures. The cause of curvature in such plots will be 
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TABLE I 
REACTION OF METHYL RADICALS WIT13 DIETIIYL KETONE 

-- 

Filter 586 

Temp., "I<. 

354 
361 1 32:;; 2.06 2.55 1 .5  15 

16.6 
407 1 4.11 1 : 1 1 56 

- - -- -- 
Filter 758 

Pressure, cm. 

1- Azomethalle Diethyl ketone 

I / T  X (0' 

FIG. 1. Arrhenius plot for the reaction of methyl radicals with diethyl ketone. 

discussed in a fu1-ther paper. If the diameters of a methyl radical and a diethyl 
ketone molecule are assumed to 3.5 and 6.0 A respectively, a value of 7.4 X 10-4 
is obtained for the ratio of the steric factors ~ 1 / ~ 6 ' .  Or, assuming P6 = I, 
pl = 7.4 x 10-4. 

(B )  The Reaction of Ethyl Radicals with Diethyl Retone 
The reaction mechanism for the photolysis of azoethane in the presence of 

diethyl ketone is presumably: 
C2H,NZCZH5 + hv + 2 C2H5 + iU2 [91 

2 C2H5 + C4Hlo [lo] 
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2C2H5-+C,H, + C2H6 [ I l l  
C2H5 + C2H5NzC?H5 + C2Hs + C2H4N2C2H5 [12I 

C2H5 + C2115COC2H5 + CzH6 + C?HaCOC2H5 P I  
C?H4N,CrHs + C2H4 + N2 + C2H5 [13I 

C2HdCOCsH5 + C2H4 + CO + C2H5. [8 1 
Reaction [8] may again be neglected in the tempei-ature range used here. 

Reaction [13] can also be ignored since it will only slightly affect the kinetics. 
(For a discussion of the ailalogous case in the photolysis of cliethyl ketone 
see (ti).) 

A steady-state treatment of reactions [9] - [12] and [2] gives 

The values of k12/k10* were taken from the experimental Arrhenius plot for 
azoethane (2). results are given in Table 11, and in Fig. 2, log ~ z ~ / k ~ ~ i  is 
plotted against l / T .  From the dope of the curve in Fig. 2 an activation 
energy of 7.6 kcal. is obtained. If Elo is assumed to be zero, the experimental 

TABLE I1 
REACTION OP ETHYL RADICALS X\FITH DIETHYI, ICETONE 

~ , T X I O '  

FIG. 2. Arrhenius plot for the reaction of ethyl radicals with diethyl ketone. 

I pressure, cm. 1 Rate, cc./miil. 10' 
Temp., "I(, --- -- ---- 

CzHrN?C2Hs C H 5 C O C 2 H J  C&l4 ( CzH. CIHIO 

k2/k10$ X 1013, 
c111.~/~ molecule-> 

set.-$ 
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value corresponds to E2.  This value is in close agreement with the values 
found by Kutschke (7.3 kcal.) and Wijnen (7.5 kcal.) in the direct photolysis 
of cliethyl ketone (3). From the experimental value of E2, the steric factor 
ratio PY/P~$ is calculated to be 7.1 X lop4. There is not much direct infol-ma- 
tion about PI", but it is probably not far from unity. Hence Pz =: 7.1 X 

If the results for the two reactions are compared, we have 
E P 

(1) CH3 + CzH5COCzHs 7.0 kcal. 7.4 x lo-" 
(2) C2H5 + C2H5COC2Hr, 7.6 ltcal. 7.1 x lo-d. 
The steric factors are thus virtually identical, on the assumption that the 
recombination of methyl and ethyl radicals both occur with the same efficiency. 
Since the C-H bond is about 4 kcal. stronger in CH4 than in CzHG, reaction [I]  
is about 4 kcal. more exothernlic than reaction [2]. I t  would therefore be 
expected that El < E2.  The difference found (0.6 Itcal.) is, however, rather 
smaller than might have been expected. 
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DERIVATIVES OF CHLOROBENZENE-2,4-DISULPHONIC ACID' 

ABSTRACT 

Chlorobenzene-2,4-disulphonates (11), -disulphones (IV), and -disulphon- 
arnides (V) have been prepared from chlorobenzene-2,4-disulphonyl chloride (I). 
T h e  properties and reactions of I-V have been compared with those of related 
derivatives of p-chlorobenzenesulpi~onic acid and phenosybenzene-4,4'-disul- 
phonic acid. 

Recent investigations have shown tha t  p-chlorophenyl ( 5 )  and P-chloro- 
ethyl p-chlorobenzenesulphonates (3) are toxic to insects. In a further search 
for insecticides, it was decided to prepare for testing derivatives of chloro- 
benzene-2,4-disulphonic acid. This report of the investigation describes the 
preparation of 11-V from chlorobenzene-2,4-disulphonyl chloride (I) (10); 
and compares the properties and reactions of I-V with those of related deriva- 
tives of p-chlorobenzenesulpl~onic acid (6) and phenoxybenzene-4,4'-disul- 
phonic acid (12). Information regarding the insecticidal activity of these 
compounds is provided by another communication (8). 

Chlorobenzene-2,4-disulphonyl chloride (I)  is not affected by chlorine a t  
160". This is contrary to the behavior of p-chlorobenzenesulphonyl chloride 
which is converted to p-dichlorobenzene under similar conditions (6). The 
disulphonyl chloride (I) reacts normally with alcohols and phenols to form 
I1 when in the presence of sodium hydroxide but only in poor yields or not a t  
all when organic base is used. Thus the reaction products of I ,  ethylene chloro- 
hydrin, and pyridine were ethylene dichloride and chlorobenzene-2,4-disul- 
phonic acid. Esters of chlorobenzene-2,4-disulphonic acid and ally1 alcohol, 
I ,  I, 1 -trichloro-3-nitro-2-propanol, and 1, I ,  1 -trichloro-2-n1ethyl-2-propanol 
could not be obtained under any conditions. 

Unlike 9-chlorobenzenesulphinic acid and phenoxybenzei1e-4,4'-disulphinic 
acid, chlorobenzene-2,4-disulphinic acid (111) is very soluble in water and 
liberates sulphur dioxide rapidly when warmed in dilute mineral acid solution. 
However the sodium salt of I11 is sufficiently stable to form chlorobenzene-2, 
4-disulphones (IV) with reactive halogen compounds. P-Chlorobenzenesul- 
phinic acid and phenoxybenzene-4,4'-dis~1lpl1inic acid react readily with 
aqueous formaldehyde as does 9-toluenesulphinic acid (2) to form the cor- 
responding hydroxymethyl aryl sulphones but no IV (R = CHZOH) could 
be isolated from an aqueous solution of 111 and formaldehyde. Although 
9-chloro- and 9-nitrobenzenesulphonyl chlorides undergo the Friedel-Crafts 
reaction with methoxybenzenes to  form diaryl sulphones (1) along with other 
products, diaryl cl1lorobenzene-2,4-disulpl1oi1es (IV, R = aryl) could not be 
prepared from I and anisole, veratrole, and m-dimethoxybenzene using zinc 
chloride as the condensing agent. 

lAfain7zz~script received Febrzlary 8,  1954. 
Contribz~tion from the Dorniniolz Rubber Co7izpany Linzited Research Laboratories, Gzlelph, 

Ontario. 
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K U L K A :  CHLOROBENZENE-2,4-DISULPHOiVIC ACID 

No difficulty was experienced in the preparation of chlorobenzene-2,4- 
disulphonamides (V) from I and excess amine. I t  must be cautioned that  
1 ,  N , N , Nr,N'-pentachlorobenzene-2,4-disulphonamide which was obtained 
from chlorobenzene-2,4-disulpl~onamide (V, R = H) (9) and chlorine, is 
extremely reactive. A solution of the N,N,N',N'-tetrachloro-V (R = H) in 
xylene when warined on the steam bath resulted in a violent explosion. 

Aqueous hydrazine can react with chlorobenzene-2,4-disulphonyl chloride 
(I) to  form either chlorobenzene-2,4-disulphonhydrazide (V, R = NH2) 
or the disulphinic acid (111) depending on conditions. When I is treated with 
excess aqueous hydrazine, V (R  = NH2) precipitates and if this is not filtered 
i t  gradually dissolves to form the water soluble 111. This shows that  the 
hydrazide must be an intermediate when hydrazine is used in the reduction 
of an arylsulphonyl halide to the corresponding aryls~ilphinic acid. 

, EXPERIMENTAL 

1. Chlorobcnzene-2,4-disulfihonyl Chloride (I)  

A solution of 9-chlorobenzenesulphoi~yl chloride (6) (120 gm.) and chloro- 
sulphonic acid (300 ml.) was heated a t  130° for 20 hr. The cooled reaction 
mixture was cautiously poured onto cracked ice and the precipitated solid 
extracted with benzene. The benzene extract was quickly washed with cold 
water, dried, and the solvent distilled off. Crystallization of the residue from 
carbon tetrachloride yielded 120 gm. (69%) of white solid melting 89-90"; 
Lit. (10) m.p. 90-91'. 

In other experiinents the use of a lower reaction temperature resulted in 
incomplete reaction and the use of less chlorosulphonic acid decreased the 
yield. 

2. Diethyl Chlorobe?zzcne-2,4-disulphonate ( I I ,  R = C21I5) 
To a solution of chlorobenze~le-2,4-disulphonyl chloride (I) (31 gm.) in 

benzene (300 1111.) was added absolute ethanol (125 ml.) and pellet sodium 
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hydroxicle (8 gm.) and the reaction mixture stirrecl a t  15-20' for five hours. 
The resulting mixture was washecl with water, the benzene solution dried, 
and the solvent removed. Crystallizatio~l of the residue from ethanol and 
from benzene - petroleum ether yielded 12 gm. (30%) of white needles 
melting a t  72-73'. Anal. calc. for C ~ O H ~ J O G C ~ S % :  C ,  36.54; H ,  3.96. Founcl: 
C, 36.52, 36.25; H ,  3.85, 4.01. 

3. Dimethyl Chdorobenzene-2,4-disu2filzonate ( I I ,  R = CH3) 
This was prepared in 55y0 lrield, using methanol instead of ethanol (see 

sectioil 2), n1.p. 118-119'. Anal. calc. for C~I-IBOGCIS~: C, 31.96; H ,  3.00. 
Found: C,  32.49, 32.35; H ,  3.13, 2.95. 

4. bis-(2-Chlorocthyl) Chlorobenzene-2,4-disulphonate (TI, R = CH,CIY2Cl) 
A reaction mixture of chlorobenzene-2,4-dis~il~~l1onyl chloride (1) (30 gm.), 

ethylene chlorohydrin (80 ml.), and pellet solid hydroxide (8 gnl.) was stirrecl 
for two hours, the temperature being maintained a t  20-30'. Cooliilg on an ice 
water bath was essential a t  the beginning. After it had been allowed to stand 
overnight, the reaction mixture was extracted with ether, the ether extract 
washed with water, and the solvent removed. Crystallization of the residue 
froin methanol yielded 30 gm. (75y0) of white prisms inelting a t  72-72'. 
Anal. calc. for C10Hl10~C13S2: C,  30.20; H ,  2.77. Found: C ,  30.38, 30.06; 
H ,  2.98, 2.97. 

5. bis(2-Chloroethyl) Phenoxybenzene-4,4'-disulphonate 

This was prepared in 75% yield from phenoxybenzene-4,4'-disulpl~on~l 
chloride (12) and ethylene chlorohydrin (see section 4). I t  crystallized from 
benzene-methanol as  colorless prisms melting a t  82-83'. Anal. calc. for 
C16H1607C12S2: C,  42.20; H ,  3.52. F ~ u i l d :  C,  42.84, 42.77; H ,  3.45, 3.30. 

6. bis(p-Chlorophenyl) Chlorobenzene-2,4-disulphonate (IT R = p-ClC6H4) 
T o  a solution of p-chlorophenol (35 gm.), sodium hydroxide (9 gm.), and 

water (35 ml.) was added a solution of chlorobenzene-2,4-disnlphonyl chloride 
(I) (30 gm.) in benzene (300 ml.) and the reaction mixture \\.as stirred for 
five hours. The  temperature was maintained a t  25-35' by occasional cooling. 
The benzene solution was separated, washed with aqueous sodium hydroxide 
and water, and then concentrated to about 50 n ~ l .  On cooling there crystal- 
lized 43 gm. (92%) of white prisnls which on recrystallization from benzene- 
methanol melted a t  141-142'. Anal. calc. for Cl8HllOGC13S: C,  43.78; H, 2.23. 
Found: C, 43.77; H ,  2.23. 

7. bis(p-Nitrophenyl) Chlorobenzene-2,4-disulphonate (11, R = p-N02C6H4) 
This con~pound was prepared in 75% yield from p-nitrophenol and I (see 

section 6). (Reaction time 18 hr.) T h e  white prisms melted a t  1.17-148' 
after crystallization from benzene. Anal. calc. for C18H11N2010ClS?: C ,  42.00; 
H,2.14. Found:C,42.24,42.08;H,2.28,2.45. 

8.  bis(8-Quinolyl) Chlorobenzene-2,4-disulphonate (11, R = CQHGN) 
This was prepared in 82% yield from 8-hydroxyquinoline and I (see section 

6). The light-tan prisms melted a t  174-175' after crystallization from acetone. 
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Anal. calc. for C2dHl6hi2OGC1S2: C, 54.70; H,  2.85. Found: C, 54.26, 54.80; 
H ,  2.84, 2.84. 

This was prepared in 80y0 yield from pl~enoxybenzene-4,4'-dis~1lphonyl 
chloride (12) and p-chlorophenol (see section 6). I t  crystallized from methanol 
as colorless prisnls and melted a t  104-105'. Anal. calc. for Cz4H1607C12S2: 
C, 52.26; H ,  2.90. Found: C, 52.34, 52.63; H,  2.74, 2.55. 

This was prepared in 70% yield, from p-chlorobenzenesulphon~rl chloride 
and 8-hydroxyquinoline (see section 6). The light-tan needles melted a t  
120-121' after crystallization from methanol. Anal. calc. for C15HloNOaCIS: 
C,  56.34; H,  3.13. Found: C, 56.23; 56.18; H ,  3.03, 3.14. 

11. Chlorobenzene-2,4-disulphinic Acid ( I I I )  

T o  a stirred solution of sodium sulphite (175 gm.) in water (500 ml.) &as 
added chlorobenzene-2,4-disulphonyl chloride (1) (50 gm.) and benzene (50 
ml.) and the reaction mixture was stirred a t  50-60' for five hours. The reaction 
mixture was allowed to stand overnight, and then was treated with con- 
centrated hydrochloric acid with cooling a t  15-20' and the sulphur dioxide 
was removed in vacuo a t  room temperature. The resulting solution was 
extracted with five 500-m1. portions of ether and the solvent removed from 
the extract. The residual oil which was r~nstable in the presence of warm 
hydrochloric acid would not crystallize. I t  was used directly for the prepara- 
tion of the sulphones (see below). 

12. Dirnethyl Chlorobenzene-2,4-disulphone ( I V ,  R = CH3) 

A solution of crude chlorobenzene-2,4-disulphinic acid (111) (15 gm.), 
water (100 ml.), and chloroacetic acid (15 gm.) was treated with sodium 
carbonate until just alkaline. The resulting solution was heated on the steam 
bath for two days. The precipitated sulphone (11 gm. or 70y0) was filtered, 
washed, and crystallized froin ethanol. The white needles melted a t  174-175'. 
Anal. calc. for C8H904C1S2: C, 35.76; H ,  3.35. Found: C, 35.79, 35.93; H ,  
3.47, 3.40. 

13. bis(Chloromethyl) Chlorobenzene-2,4-disulphone (IV, R = CH2Cl) 

This was prepared in 25y0 yield from dichloroacetic acid and 111 (see 
section 12). The white solid inelted a t  137-138' after crystallization from 
methanol. Anal. calc. for CsH704Cl&2: C, 28.45; H,  2.07; C1, 31.56. Found: 
C, 28.30; H,  1.99; C1, 31.20. 

This was prepared in 50y0 yield from phenox)~benzene-4,4'-dis~~lphinic 
acid and clichloroacetic acid (see section 12). I t  crystallized from methanol 
as white needles melting a t  139-140'. Anal. calc. for CIdH1205C12S2: C, 42.53; 
H, 3.04. Found: C,  42.83; H,  2.80. 
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15. Dimetlzyl P1zenoxybenzen~-4,4'-diszilphone 

This was prepared in 75y0 yield from phenoxybenzene-4,4'-disulp1linic 
acid and chloroacetic acid (see section 12). I t  crystallized from ~nethanol as 
white prisms melting a t  182-183'. Anal. calc. for C14H1105S2: C, 51.53; H, 
4.29. Found: C, 52.06, 51.82; H, 3.96, 4.16. 

16. Hydroxymethyl p-Chlorophenybsz~lphone 
Following the method of von Meyer (7)  for the preparation of hydroxy- 

methyl 9-tolylsulphone, p-chlorobenzenesulphinic acid (50 gm.) and 40% 
forlnaldehyde (100 ml.) were stirred for one hour. The white solid (52 gm. 
or 90y0) was filtered, washed, dried, and crystallized~from benzene, m.p. 
111-112'. Anal. calc. for C7H703CIS: C, 40.67; H ,  3.39. Found: C, 40.93, 
40.66; H ,  3.27, 3.36. Heating this compound with phenyl isocyanate did not 
yield the urethane. 

17. bis(Hydroxymethy1) Phenoxybenzene-4,4'-disulplzone 
This was prepared in 90% yield from phenoxybenzene-4,4'-disulphinic 

acid (prepared in a manner similar to that of I11 in section 11) and for~nalde- 
hyde (see section 16). I t  crystallized from dilute formaldehyde as  a white 
solid melting a t  151-153' (with decon~position). Anal. calc. for Cl4Hl407S2: 
C, 46.92; H ,  3.91. Found: C, 47.05, 47.02; H,  3.95, 4.14. 

The method of Burton and Hoggarth (I) was employed. A reaction mixture 
of p-chlorobenzenesulphonyl chloride (40 gm.), veratrole (40 gm.), and zinc 
chloride (30 gm.) was stirred in an open beaker and heated a t  120-130' for 
15 min. Hydrogen chloride was evolved with considerabIe frothing. The 
cooled reaction mixture was treated with dilute hydrochloric acicl and then 
extracted with benzene. The benzene solution was washed with dilute hydro- 
chloric acid, with aqueous alkali, and with water and the solvent was removed. 
The residue was fractionally distilled yielding essentially two fractions, one 
boiling a t  170-180' (0.2 mm.) and the other a t  180-200' (0.2 inin.). The 
first fraction was crystallized from ethanol to yield white needles (16 gin. or 
28%) melting a t  99-100' alone or in admixture with o-methoxyphenyl p-chloro- 
benzenesulphonate (see section 19). This is apparently fornled througll de- 
methylation of veratrole and reaction of the resulting guaiacol with P-chloro- 
benzenesulphonpl chloride. 

The second fraction which consisted mainly of p-clzlorophenyl 3,4-dinzeth- 
oxyphcnylsulphone was boiled for three hours with aqueous-alcoholic alkali 
to free it from o-methoxyphenyl p-chlorobenzenesulpl~onate. The alcohol was 
removed and the precipitate crystallized from ethanol. The white needles 
(4 gm. or 7%) melted a t  140-141'. Anal. calc. for Cl4Hl3O4C1S: C, 53.75; 
H ,  4.16. Found: C, 54.17, 54.21; H,  4.33, 4.12. 

This was prepared in 70% yield from p-chlorobenzenes~1lphoi1yl chloricle 
and g~~aiacol  (see section 6). The  white needles melted a t  99-100' after 
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crystallization from ethanol. Anal. calc. for C13H110.1Cl.S: C ,  52.26; H, 3.68; 
0CH3,  10.39. Found: C, 52.66, 52.46; H, 3.G7, 3.77; OCH.j, 10.37, 10.53. 

This was prepared in 15y0 yield from p-chlorobenzenesulpl~on~~l chloride 
and anisole (see sectioil IS). The white prisms melted a t  70-71' aftcr crystal- 
lization froin methanol. Anal. calc. for C13H1103C1S: C, 55.22; H ,  3.89. Found: 
C, 55.41, 55.20; H,  3.58, 4.16. 

The method of Hinsberg (4) was employed. A solution of p,p'-dichloro- 
benzhydrol (11) (5 gm.), p-chlorobenzenes~~lphinic acid (5 gm.), acetic acid 
(25 ml.), and two drops of concentrated hydrochloric acid werc heated under 
reflux for four hours. The cooled reaction mixture was poured into water, 
extracted with ether, the ether extract washed with dilute aqueous sodium 
hydroxide and with water, and the solvent removed. The residue crystallized 
from benzene-methanol as white needles (6.1 gm.) which melted a t  105-10GO. 
Anal. calc. for C19H130?CI3S: C, 55.41; H, 3.16. Found: C, 55.56; H, 3.24. 

T o  a stirred solution of chlorobenzene-2,4-disulphonamide (9) (15 gm.) 
in sodium hydroxide (6 gnl.) and water (250 mi.) was added chloroform (300 
nll.) and then excess chlorine was passed in for one hour. The temperature 
mas maintained a t  25-30' by occasional cooling. ?'he chloroform layer was 
separated, washed with water, concentrated to about 30 mi., and alloived to 
cool. White crystals (16 gnl. or 64%) separated which melted a t  148-149'. 
Anal. calc. for C&3N~04C15SZ: C, 17.62; H, 0.73. Found: C, 18.01, 18.22; 
H ,  0.94, 1.06. 

This compound is a dangerous chlorinating agent. When equimolecular 
quantities of it and p-xylene were mixed and heated on the steam bath a 
violent explosion resulted. 

Chlorobenzene-2,4-disulphonyl chloride (20 gm.) and 40% aqueous di- 
methylamine (100 ml.) were heated on the steam bath and stirred for two 
hours. The white precipitate was filtered, washed, and crystallized twice 
from methanol, 111.p. 132-133'; yield, 19 gm. or 60%. Anal. calc. for CloHlj 
N204CIS2: C, 36.75; H ,  4.60. Found: C, 37.16; H, 4.69. 

T o  a solution of 2-aminopyridine (35 gm.) in benzene (75 ml.) was added 
a solution of chlorobenzene-2,4-disulphonyl chloride (25 gm.) in benzene 
(100 ml.). The resulting reaction mixture was heated under reflux for one- 
half hour and the11 poured into cold water. The ycllow precipitate was fil- 
tered and washed with dilute l~ydrochloric acid, water, benzene, and acetone. 
It: was then redissolved in dilute aqueous potassium hydroxide, the solution 
filtered, and the filtrate was acidified xx~ith acetic acid. The precipitate (27 gm. 
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or 80%) was filtered, washed, and dried, n1.p. 280" (with decomposition). 
Anal. calc. for C16H13N40,iC1S2: C, 45.21; H ,  3.06. Found: C, 44.92, 45.02; 
H,  3.59, 3.36. 

This  was prepared in 80YG yield from 2-aminopyridine and p-chlorobell- 
zenesulphonyl chloride (see section 24). I t  crystallized from luethanol in the 
form of white needles which melted a t  193-194'. Anal. calc. for CllH sN202C1S: 
C, 49.17; H ,  3.35. Found: C ,  49.21, 49.56; H,  3.29, 3.37. 

This was prepared in 35YG yield from chlorobe~~zene-2,4-disulphonyl 
chloride and ethanolamine using chloroform as  solvent instead of benzene 
(see section 24). I t  crystallized from benzene-methanol as  white needles 
melting a t  127-128'. Anal. calc. for CloH15N206ClS: C, 33.48; H ,  4.18. Found: 
C ,  33.70, 33.86; H ,  4.12, 4.11. 

This was prepared in 54y0 yield from 1,2,3,4,-tetrahydroquinoliile and 
chlorobenzene-2,4-disulphonyl chloride (see section 24). I t  crystallized from 
benzene as  pink prisms melting a t  116-117". Anal. calc. for C2jH23N204ClS2: 
C, 57.32; H ,  4.58. Found: C, 57.34, 57.48; H, 4.48, 4.41. 

28. N- (~-Chloro~henylsul~honyl)-1,2,S,4-tetrahydroquinoline 
This was prepared in 60% yield from 1,2,3,4-tetrahydroq~linoline and 

p-chlorobenzenesulpl~onyl chloride (see section 24). I t  crystallized from 
methanol as  white needles melting a t  94-95". Anal. calc. for C1,Hl,N02CIS: 
C ,  58.5.5; H ,  4.55; N ,  4.55. Found: C, 58.13,58.43; H ,  4.30, 4.46; N ,  4.91, 4.70. 

29. Clzlorobenzene-2,4-disul$Jzonyl bis-Hydrazide ( V, R = NH2) 

T o  a stirred cold solution of chlorobenzene-2,4-disulphonyl chloride (20 gm.) 
in benzene (70 ml.) was added a chilled solution of 85% hydrazine hydrate 
(20 ml.) in water (20 ml.). The reaction mixture was stirred and cooled a t  10" 
for not more than two hours. (Further reaction occurs t o  form chlorobenzene- 
2,4-disulphinic acid if Illore time is allo~ved.) The  white precipitate (I6 gm. 
or 80%) was filtered, washed, dried, and crystallized quickly from pyridine- 
ether, m.p. 133" (with decomposition). Anal. calc. for C6H9N.104C1S2: C ,  23.96; 
H, 3.00. Found: C, 23.90; H ,  2.79. 

This compound is insoluble in benzene, methanol, ether, and cold water. 
I t  is soluble in hot water bu t  decomposition occurs on prolonged heating. 

In  another experiment twice the amount of hydrazine hydrate was used 
and the reaction mixture was allowed t o  stand overnight. The  chlorobenzene- 
2,4-disulphon~.l bis-hydrazide, which first precipitated, graduallj- dissolvetl. 
The aqueous solution was separated, acidified with SOY0 sulphuric acid, the 
precipitated hydrazine sulpllate was filtered, and the filtrate extracted ex- 
haustively with ether. Removal of the ether left the oily chlorobenzene-2,4- 
disulphinic acid (8 gnl.). This, when treated with chloroacetic acid (see 
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section 12), yielded a sulphone which did not depress the melting point of 
dimethyl chlorobenzene-2,4-disulphone (I\', R = CI33). 

30. p-ChlorophenyLsulphonhydrazide 
This was prepared in 92% yield from p-chiorobe~~zenesulpho~~yl chloiide 

and hydrazine (see section 29). I t  crystallized from benzene as white woolly 
needles ~rlelting a t  117-118O (with decomposition). Anal. calc. for C613iN20r 
CIS: C,  34.85; H, 3.39; N ,  13.56. Found: C, 35.30, 34.72; H, 3.36, 3.74; 
N, 13.63. 

I11 another experiment where the reaction was carried out a t  steam bath 
temperature, a 70% yield of p-chlorobenzenesuIphinic acid was.obtained. 
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DIHYDRO-N-norGELSEMINE AND SOME OF ITS  DERIVATIVES' 

ABSTRACT 

Treatment of gelsemine with cyanogen bronlide produced N-cyano-tzorgelsemine 
which on catalytic hydrogenation gave rise to N-cyanodihydro-N-?zorgelseniine, 
identical with the prod~lct of the  reaction of cyanogen bromide with dihydro- 
gelselnine. N-Cyanodihydro-N-norgelsemine was hydrolyzed with hydrochloric 
acid to diliydro-N-norgelse~iiine which readily formed a mono- or a dibenzoyl 
derivative according to the conditions, and a p-tolue~~es~~lphonamide. The action 
of phosphorus pe~itachloride on the rnonobenzoyl derivati~r'e gave rise to N- 
benzoylchlorodihydro-N-norgelsemine, hydrolyzable by hydrochloric acid to 
cl~lorodil~ydro-hT-norgelsemine. This chloro compound was converted by the 
action of formaldehycle and formic acid to  chlorodil~ydrogelsemine, identical 
with the p r o d ~ ~ c t  of the action of phosphorus pentachloride on dihydrogelscmine. 
Chlorination of dihydrogelsernine with chlorine produced dichlorogelsemine. 

I t  has now been well established that gelsenline is a 3,3-disubstituted 
oxi~ldole (4,8) but little is known about the structure of the second moiety of 
the molecule. The basic N(b) carries a methyl group, and there are present 
a readily reducible double bond which has been claimed to involve an exocyclic 
methylene group (3,4), and an ether ring. Since gelsemine contains six rings, 
the unknown moiety must include four of these. The usual conditions of the 
Hofmann degradation reconvert the metho-base to the original alkaloid, while 
distillation of the metho-base in vacuo does not cause the opening of the ring 

a ion containing N(b) as first assumed (5) but brings about a transnlethyl t' 
giving rise to  N(a)-methylgelsemine (6,9). I t  was thought that cyanogen 
broillide might react with N(b) and thus afford a means of degrading that  
part of the molecule in which i t  is contained. Before this work had reached 
completion, Jones and Stevens (7) reported their investigation of this reaction. 
We have succeeded, however, in preparing K-benzoyldihyclro-N-norgelsemine 
and show11 that phospl~orus pentachloride chlorinates the benzene ring present 
in the alkalioid instead of cleaving the N(b)-containing ring. Furthermore, a 
nunlber of well defined crystalline derivatives have been obtained which are 
deenled worth recording. 

According to Forsyth et al. (2) the action of cyanogen bromide on gelsenline 
gives rise to a substance yielding imperfectly concordant results which they 
assumed to be a mixture. I n  our hands this reaction yielded N-cyano-N- 
norgelsemine, CzoH190zN3, which could be hydrogenated catalytically to N- 
cyanodihydro-N-norgelsemine, C20H2102NJ, identical with the product ob- 
tained directly by the action of cyanogen bromide on dihydrogelsemine. 
N-Cyanodihyclro-N-norgelsenline was first reported by Jones and Stevens (7). 
On hydrolysis with hydrocl~loric acid it produced crystalline dihydro-N-nor- 
gelsemine, C19H22O3N2, \vhich formed both a picrate and a perchlorate. 
Dihydro-N-norgelsemine gave rise to a p-toluenesulphonyl derivative and, in 

ldfanz~script recei-ded Febrr~ary 5, 1954. 
Contribution from the Division of Pzre  Chenzistry. National Research Council, Ottawa, Canada. 

. Issued a s  N.R.C. No. 3279. 
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the Schotten-Baurnann reaction, to a rnonobenzo~-1 derivative, nrhile it gave a 
dibenzoyl clerivative when treated with benzoyl chloride and pyridine. An 
attempt to  degrade monobenzoyldihydro-norgelsemine with p h ~ s ~ ~ l l o r ~ ~ s  
pentachloride resulted in the formation of benzoylcl~loro~lihydro-norgelse~ni~le 
u~hich on hydrolysis with hydrochloric acicl produced crystalline cl~loroclihydro- 
norgelsemine. This chloro compound could not be recrystallized without some 
clecomposition, although it formed a stable perchlorate and a p-toluene- 
sulpllonamicle. 

Chlorine could not be removed from chloroclihydro-norgelsemine either by 
treatment with chronlous chloride or with zinc and acetic acid, both of which 
reagents left the material unchanged. Catalytic hydrogenation seenlecl to 
effect partial dehalogenation only as indicated by examination of the various 
fractions isolated by chromatography of the product (see experimental). 
The firmness with which the chlorine is retained rnaltes it liltely that  it is 
located in the benzene ring of the alkaloid. A t  any  rate, the infrared spectra 
of the various con~pounds (Table I )  seem to  support this possibility. 

T A B L E  I 
INVRARBD ABSORPTION OF GELSEhlIXE DERIVATIVES ATTRIBUT.AR1.E TO SIJBSTITUTED BENZEWE 

RING* 

Compound 

Gelsemine 
Dihydrogelsemine 
Cyano-norgelsemine 
Cyallodihydro-norgelsemii~e 
Dihydro-norgelsernine 
Bz-chlorodihydro-norgelsen~i~le 
Chlorodiliydro-norgelseriline 
Chloro-p-toluenes~~lphonamide 
Chlorodihydrogelsernine 
Dichlorodihydrogelserni~~e 

Absorption bands ( in wave numbers) 

*The infrared spectra were determiued on nzrjol nzi~lls with a Perkitl-Elmer doz~ble beam spectro- 
meter, model 21. 

f bl'eak band. 

Chlorodihydro-N-norgelsen~ine was converted by heating with formaldehyde 
and formic acid to chlorodihydrogelsernine identical with the product obtain- 
able by treatment of dihydrogelsemine with phosphorus pentachloride. 
Chlorination of dihyclrogelsemine with chlorine in chloroform solution gave 
rise to dichlorodihydrogelsemine, C ~ O H B O ~ N ~ C I ~ .  

A comparison of the infrared spectra (Table I )  of gelsenline, dihydrogelse- 
mine, cyano-N-norgelsemine, and cyanodihydro-N-norgelsemine with those of 
benzoylchlorodihyclro-N-norgelsenline, cl1lorodihydro-N-norgelsemine, its p- 
toli~enesulphonamide, and of chlorodihydrogelsernine shows that the band a t  
756- 760 cm.-I present in the first four and attributable to a disubstituted 
benzene ring (I)  is absent in the spectra of the chloro compounds which all 
contain a new band a t  815 - 824 cn1.-I attributable to a trisubstituted benzene 
ring (I) .  I t  is, therefore, very probable that the chlorine has entered the ben- 
zene ring of the alkaloid. The infrared spectrum of dichlorodihydrogelsemine 
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contains a band a t  859 cm.-I instead ot the absorption a t  815 - 824 cm.-I so 
that  the substance probably contains both chlorine atoms in the benzene 
ring. 

The ultraviolet spectra of the gelsemine derivatives described sho\\r that  
the introduction of chlorine into the ~nolecille causes a shift of the spectrum 
in the direction that  woulcl be expected fro111 the addition of such an auxo- 
chrome to  the chromophoric group. 

A solution of gelsen~ine containing acetone of crystallization (1.041 gm.) in 
dry chloroform (20 ml.) was refluxed for six hours with freshly distilled cyano- 
gen bromide (1.5 gm.). The reaction mixture was evaporated to dryness under 
reduced pressure and the residue taken up in ca. 25 1111. of chloroform and 
filtered. The  chloroform insoluble material (339 mgm.) consisted of crude 
gelsemine hydrobromide, m.p. 315-322'. The  chloroform solution, washecl 
with dilute sodium hydroxide solution and evaporated to dryness under reduced 
pressure, gave 678 mgm. of pale yellow foam ivhich crystallized on the addition 
of a few drops of methanol, m.p. 217.5 - 219'. Chromatography on alumina 
from benzene solution and elution with benzene-chloroform mixtures yielded a 
product which after recrystallization from ~nethanol consisted of colorless 
prisms, m.p. 21'7.5-215". A substance which was probably slightly impure 
N-cyano-N-norgelsemine is reported in the literature as melting a t  216' (2). 
Calc. for C20H1902N3: C ,  72.05; H,  5.74; N,  12.61. Found: C ,  72.01; 11, 5.81; 
N, 12.70; N-CH3, 1.28, 1.36%3. 

N- Cyanodilzydro- N-norgelsemine 
( a )  By Hydrogenation oj' N-Cyano-N-norgelsemine 

Cyano-norgelsemine (197 n~gm.)  dissolved in methanol (15 ml.) was hydro- 
genated a t  low pressure in the presence of platinum oxide (45 mgm.). Two- 
thirds of the calculated volume of hydrogen was nbsorbecl. Chromatography 
of the product from benzene solution with chloroforn~ elution gave 161 mgm. 
of colorless foam which was dissolved in hot methanol. 011 cooling the solution 
deposited colorless prisms (75 mgm.), 1n.p. 258-262". After three recrj-stal- 
lizations from methanol, m.p. 269-270.5' (reported m.p. 269' (7)). Calc. for 
C20H2102N3: C,  71.62; H ,  6.31; N, 12.53. Found: C, 71.50, 71.55, 71.68; H, 
6.30, 6.19, 6.74; N, 12.19, 12.37%. 

(b) F~OWL Dihydrogelsemine 
A solution of dihydrogelsernine (4.030 gm.) in dry benzene (75 ml.) to which 

was added frcshly distilled cyanogen bromide (6 gm.) was refluxed for I 6  hr. 
The  reaction mixture, worltkd up as  in the preparation of cyano-norgelsemine, 

= A l l  lizelting p o i ~ t s  are corrected. 
3The theoretical valire for one N-CH3 .is about 4.3%. N-Cyatzo-N-ilorfelsenzi~~e contains n o  

inzino methyl,  and  the small ua l t~c  obtained m a y  be due to some redz~ct iot~ of tlze cyano group. 
A t  a n y  rate the i~zfrared spectra of tlze norgelsentine derivatives contain only  a weak band at 1375 
cnz.-' and n o  absorption at 2760 cm.-1, whereas the spectra of gelsemi7ie and diltydroyelse?ivinc 
show in both tlzese regions dejinite absorption attribz~table to a n  N-CH3 grotrp. 
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yielded a pale yellow oil (3.819 gm.) which crystallized from inethanol (first 
crop, 2.340 gm.), 1n.p. 268.5-271' either alone or in admixt~u-e with N-cyanotli- 
hydro-N-norgelsenline obtained by procedure (a). 

N-Cyanoclihydro-N-norgelseinine (4.086 gm.) was hydrolyzed by refluxing 
with ethanol (75 ml.) and concentrated hydrochloric acid (30 ml.) for 96 hr. 
The clear yellow solution was conceiltrated to a small volume, cliluted with 
water, and extracted with ether to remove any nonbasic material. The extractecl 
aqueous solutioil was alltalizecl with dilute aqueous potassiuin hydroxide. 
This caused the precipitation of a white powder which was filtered and dried 
(3.726 gm.). A portion of this base (265 ingin.) was crystallized from methanol 
from which it separated as  colorless prisms (103 mgnl.), 111.p. 299.5-302' 
and after one further crystallization, m.p. 301.5-302.5'. Calc. for Cl9H2202N2: 
C,  73.52; H ,  7.14; N,  9.03. Found: C,  73.79; H ,  7.44; N,  8.92%. 

The base formed a picrate which separated from ethanol as  yellow prisms, 
n1.p. 275-27G0(dec.). The melting point reported in the literature is 281- 
282" (7). 

Dihydro-N-norgelsenline also formed a pei-chlorate which, twice recrystal- 
lized from water, consisted of colorless prisms, m.p. 295.5' (dec.). Calc. for 
C19H2802N2HC104: C ,  55.52; H ,  5.65; N, 6.84. Found: C,  54.89, 54.73; H ,  6.09, 
6.18; N,  6.50%. (The salt invariably exploded during the initial stages of the 
analysis, and this may account for the low figures obtained.) 

N-p-Toluenesulphonyldihydro-N-norgelsemine 

The uncrystallized base (365 nlgnl.) clissolved in pyridine (5 1111.) was 
allowed to stand for 24 hr. with fi-toluenesulphonyl chloride (410 mgm.). 
The  solvent was then distilled under reduced pressure, the residue dissolved in 
cl~loroform, and the solutio~l washed with dilute hydrochloric acid. After 
evaporation of the chloroforrn a residue was obtained which was dissolved in 
benzene and chromatographed on alumina. Elution with benzene gave a small 
first fraction consisting of a pale g7ellow oil which was likely p-toluenesulphonyl 
chloride and a main fraction. After evaporation of the solvent the main fraction 
was a colorless foam (332 mgm.) which crystallized on the acldition of methanol, 
n1.p. 209.5 - 212'. Two further recrystallizations from methanol raised the 
melting point, 214-214.5'. Calc. for C26H2804N2S: C ,  67.15; H ,  6.07; N,  6.02. 
Found: C,  67.57; H ,  6.18; N,  6.10%. 

Benzoylation of Dihydro-norgelsemine 

(a) A solution of dihydro-norgelsemille (1.145 gm.) in chlorofornl (30 ml.) 
and dioxane (5 ml.) was shaken with 5% aqueous potassium hydroxide (5 ml.) 
and benzoyl chloride (0.5 ml.). The  addition of alkali and benzoyl chloride in 
the same quantities was repeated twice a t  15 min. intervals. When the odor 
of benzoyl chloride hacl disappeared, the chloroform layer was washed with 
dilute sulphuric acid, dried, and evaporated. I t  left a colorless foal11 which on 
addition of methanol gave crystalline N-monobenzoyldihydro-N-norgelsernii~e, 
n1.p. 268-274' (1.344 gm.) . 
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(b) T o  a solution of dihydro-norgelsenline (615 ~ngm.) in pyridine (7 ml.) \\;as 
added benzoyl chloricle (I ml.). After two hours a t  room temperature, the 
solution was refluxed for 15 mill. and sul~sequentl y evaporated to dryness 
~rncler reduced pressure. The  residue was clissolved in chloroform, ivashecl 
first with dilute potassiuni hydroxide solution and then with dilute s~rlpli~rric 
acid. After evaporation of the chlorofor~n the residual oil was dissolved in 
benzene and chromatographed on alumina. Elution with benzene and methyl- 
ene chloride gave 727 mgln. of colorless foam which crystallized from metha~lol 
as colorless prisms, 1n.p. 227.5 -228.5'. One further recrystallization gave 
dibenzoyldihyclro-norgelsemine, m.p. 229-229.5". Calc. for C32H3G04NZ: 
C, 75.87; H ,  5.97; N ,  5.53. Found: C, 75.61; H ,  6.15; N ,  5.53%. 

Further elution with chloroform brought down 224 mgm. of a pale yellow 
foam which crystallized from methanol, m.p. 274 - 27G0, identical with 
mon~benzo~ldihydro-norgelsemine prepared by the Schotten-Bairmann re- 
action. TWO further recrystallizations from methanol raised the melting point 
to 279-280". Calc. for C26H2603N2: C,  75.34; H, 6.32; N, 6.76, Found: C, 
75.61; H ,  6.73; N,  6.65y0. 

Attempted Degradation of Benzoyldihydro-norgelsenzine TtVith Phosphorus 
Pe.n,tachloride 

A mixture of monobenzoyldihydro-norgelsemine (301 mgnl.), freshly sub- 
limed phosphorus pentachloride (718 mgm.) and dioxane (10 ml.) was refluxed 
for eight hours. After the addition of a few drops of water, the solvent was 
re~noved under reduced pressure, the residual gum dissolved in chloroform, 
and the solution washed first with dilute l~ydrocl~loric acid and afterwards 
with dilute ammonia. Evaporation of the chlorofor~n left a pale yellow foam 
(272 mgm.) which crystallized from methanol as colorless pris~ns, m.p. 297- 
302". Three recrystallizations from methanol gave pure benzoylchlorodil~ydro- 
norgelsenline, n1.p. 312.5 - 313.5". Calc. for C26H2703N2CI: C, 69.24; H ,  
6.04; N ,  6.21. Found: C, 70.78, 70.25; H, 6.1G, 5.73; N, 6.53, G.23Y0. 

Chlorodihydro-N-norgelsemine 

Benzoylchlorodiliydro-norgelsemine (68 nlgm.) was dissolved in ethanol 
(10 ml.) and concentrated hydrochloric acid (5 ~nl . ) .  The sol~rtion was refluxed 
for 16 hr. and evaporated to dryness under reduced pressure. The residue was 
dissolved in water and the so l~~t ion  extracted with chlorofor~n and then 
alkalized with sodium hydroxide. The precipitated base was collected by 
extraction with chloroform. Evaporation of this chloroforn~ extract left a foam 
which crystallized from acetone as  colorless needles, n1.p. 244 - 248". Further 
crystallization lowered the melting point to 240 - 243" and caused the appear- 
ance of a yellow color in the mother liquor. perchlorate of this base 
separated from methanol as colorless needles, n1.p. > 340". Calc. for C19H?1 
O2NZC1.HC1O4: C, 51.25; H ,  4.98; N,  6.29. Found: C,  51.50; I-I, 5.07; N, 
6.46y0. The base also yielded a p-toluenesulphonan1ide prepared as described 
for that of dihydro-norgelsemine. I t  was cliron~atographecl in benzene solu- 
tion on alumina and eluted with ether. The eluate yielded the product which 
after two crystallizations from methanol consisted of elongated prisms which 
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on slow heating gave off solvent a t  130°, I-esolidified ant1 meltcd a t  204-204.5". 
Calc. for C26H2i0,1N2SC1 : C, 62.58 ; H, 5.46; N,  5.62. F o ~ i ~ l d  : C ,  62.81 ; H, 5.88; 
N,  E1.627~. 

Attempted Reduction of Chlorodihydro-N-norgelsemine 

(a) With Clzromous Chloride 

A solution of chlorodil~ydro-N-norgelsemine (350 mgrn.) in absolute ethanol 
(10 ml.) was refluxed under nitrogen for three hours with an ethanolic solution 
of c l~ron~ous  chloride prepared from chromic chloride hexahydrate (4 gm.), 
a~nalgamated zinc (3 gm.), and co~lcentratecl hydrochloric acid (5 ~nl . ) .  The 
reaction mixture was concentrated under reduced pressure, diluted with water 
(50 ml.), alkalized with ammonia, and estracted with three portions of ether. 
The combined dried extract when evaporated t o  dryness left a residual powder 
(271 mgm.) which was dissolved in benzene-cl~loroform (1 :1) and chromato- 
graphed on alumina. Elution with chloroform containing 5Y0 of methanol 
brought down the product which on evaporation of the solvent consisted of a 
pale yellow foam (269 ~ngm.).  This only partially crystallized on addition of a 
few drops of n~cthanol (m.p. 196-21 9"). The solid impure base was therefore 
be~lzoylated under Schotten-Baunlann conditions and the product crystallized 
from methanol, n1.p. 310-313.5", either alone or in admixture with benzoyl- 
chlorodihydro-N-norgelsemine. 

(b) By Catalytic IIydrogenation 

Chlorodihydro-norgelsemine (288 ~ n g ~ n . )  dissolved in methanol was hydro- 
genated a t  low pressure in the presence of platinum oxide (29 mgm.). In two 
hours 8070 of the calculated volun~e of hydrogen was absorbed. The solution 
was filtered to remove the catalyst and evaporated to dryness. I t  left a residue 
which was dissolved in chloroform and the solution after washing with dilute 
aqueous potassium hydroxide was evaporated to dryness. The residual color- 
less foam was dissolved in benzene and chi-omatographed on alumina. Elution 
with benzene containing increasing concentrations of ether, then with chloro- 
form, failed to give well defined fractions. The  fractions eluted with benzene 
containing 10% of ether gave material which crystallized partially on addition 
of a few drops of methanol. This material still contained chlorine and its 
infrared absorption spectrum still contained a band a t  810 an.-' indicative 
of an unsymmetrically trisubstituted phenyl ring. The fractions eluted with 
benzene containing 50% of ether yielded material containing a mere trace of 
halogen and had infrared absorption spectra no longer showing absorption a t  
810 cm.-l, but  containing two bands a t  740 and 760 cm.-I characteristic of 
the o-disubstituted benzene ring. 

(c) With Zinc and Acetic Acid 
Chlorodihydro-norgelsemine (213 mgm.) was refluxed with granular zinc 

( I  .5 gm.) and glacial acetic acid (8 ml.) for three hours. The reaction mixture 
was diluted with water and the l i q ~ ~ o r  decanted from the zinc which was 
washed by decantatio~l. The combined decantate was allralized wit11 concentra- 
ted aqueous potassiunl hydroxide and extracted with cl~loroform. Evaporation 
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of the chlorofori~~ extract left a white solid (197 ingm., 1n.p. 204.5-211') 
which was converted to  the p-toluenesulphonan~ide by the inethod already 
described. Chromatography on alumina in benzene sol~ition and elution with 
ether yielded a product (217 mgm.) which after crystallization from methanol 
consisted of colorless prisins xvhich lost solvent a t  130' and melted a t  202- 
203.5', either alone or in admixture with N-9-toluenesulphonyIchlorodil~ydro- 
N-norgelsemine. 

Chlorodihydrogelsemine 

(a) By ibIethylation of Chlorodihydro-N-norgelsemine 

-4 mixture of chlorodihydro-N-norgelsemine (408 mgm.), 90% formic acid 
(3 1111.) and 37y0 formaldehyde solution (3 ml.) was heated on the steam bath 
under reflux for six hours, then allowed to stand overnight, and heated again 
for 30 min. after the addition of concentrated hydrochloric acid. The reaction 
mixture was evaporated to dryness under reduced pressure and the residue 
taken up in water (50 1111.). The solution was filtered to remove some insoluble 
material and washed with ether. The aqueous solution was alltalized with 
aqueous potassium hydroxide and extracted with chloroforn~. Evaporation 
of the chloroform extract left a yellow foam (366 mgm.) which was dissolved 
in benzene containing 5% of chloroform and chromatographed on alumina. 
Elution with benzene containing 2% nmethanol gave a substance (184 mgm.) 
which was rechromatographed in methylene dichloride solution on the same 
adsorbent. Elution with methylene dichloride yielded the compound (47 n~gin.) 
\vhich crystallized from acetone as colorless plates, 1n.p. 218.5 - 221.5'. 
Calc. for CzoH2302N2C1: N,  7.81; N.CH3, 4.19. Found: N,  7.96; N.CH3,  
3.82y0. T h e  base could not be benzoylated under Scl~otten-Baumann con- 
ditions. 

(b) By Chlorination of Dihydrogelsemine 

T o  a solution of dihydrogelsemine (677 mgm.) in dioxane (25 ml.), phos- 
phorus pentachloride (2.34 gm.) was added and the mixture refluxed for six 
hours. The reaction inixture was concentrated under reduced pressure, diluted 
with water, alkalized with dilute aqueous sodiuin hydroxide, and extracted 
with chloroforn~. The  extract was shaken with dilute sulphuric acid and the 
aqueous acidic solutioil alltalized with aqueous sodiuin hydroxide and extracted 
with chloroform. Evaporation of the chloroform left a pale yellow foam (686 
mgm.) which crystallized as plates from acetone, m.p. 214 - 217.5'. Recrystal- 
lization from acetone raised the melting point to 215 - 218' and this was 
unaltered by  mixture with chlorodihydrogelsemine obtained by inethod (a). 
Calc. for C2oH23O2N2C1: C, 66.93; H, 6.46; N,  7.81. Found: C, 67.01; H, 6.08; 
N ,  7.70%. 

Dichlorodihydrogelsenzine 
A solution of dihydrogelsemine (719 nlgm.) in chloroform (25 rill.), to which 

amalgamated aluminum (from 280 mgin. of granular aluminunl) had been 
added, was chlorinated by the addition of a chloroform solution of chlorine 
(30 ml.). The mixture was allowed to stand for one hour in an  ice bath and 
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then a t  room temperature for lour hours. Dilute aqueous sodium hydroxide 
was added until the mixture was basic and the separated chloroforin solution 
was extracted with dilute sulphuric acid. The free base obtained by extraction 
after alkalization of the acid solution with aqileous sodium hydroxide corlsisted 
of a colorless foam (491 mgm.) which separated as needles from acetone, m.p. 
241-245', after two recrystallizations from acetone, m.p. 249-250.5'. Calc. 
for C20H2202N2C12: C, 61.06; H,  5.64; N,  7.12. ~ o u n d :  C, 61.69; H ,  5.80; 
hT, 7.24%. 
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THE ISOLATION AND OXIDATION OF ASPEN LIGNINS' 

ABSTRACT 

A study has been nlade of the conditions affecting the isolation of a lignin 
fraction by a procedure involving a modcrate temperature catalytic hydrogena- 
tion of pre-extracted aspen wood meal. The effect of varying the initial hydrogen 
pressure, the catalyst, the time and maximum temperature of reaction, and the 
nature and acidity of the suspending medium were studied. The weight of the 
residual pulp, the effectiveness of lignin renlo\.al, the weight and methoxyl content 
of the resulting chloroform-soluble fraction containing the lig~lin, and the yields 
of vanillin and syringaldehyde obtained by the alkaline nitrobenzene oxidation 
of this same fraction were the factors serl~ing as the bases for conlparison. 

Initial hydrogen pressures greater than 500 p.s.i.g. were not required, although 
below this value there was some loss of efficiency. Neither the use of water or 
tlioxane alone was satisfactory as a suspending medium, but  the mixed aqueous- 
organic medium was required to rerrlove the released lignin. Considering the 
resultant slight acidity of the reaction product, it is suggested that in such a n  
isolation two separate stages arc involved: that of the water functioning to wet 
and permeate the wood and serve as  the acidic rnediurn and that of the organic sol- 
Lrent- phase functioning to remove the liberated lignin after the hydrolytic 
cleavage. 

Data are presented and interpreted to indicate the existence of a lignin-carbo- 
hydrate co~riplex which is cleaved under the conditions of catalytic hydrogenation. 
Under the conditions of these experiments practical temperatures for lignin 
removal are in the range 170 - 180°C. for a n  aqueous-organic solvent medium, 
but  some thirty degrees lower for an  85% acetic acid medium. Although it has 
been possible to isolate all the lignin, with good methoxyl recovery, consistently 
no more than approxiluately fifty per cent of the required aldehydes is obtainable 
oti oxidation. The increasing value of the syringaldehyde- vanillin ratio with 
increasing temperature is due to a decreased vanillin yield. 

Indications are that the use of copper cliromium oxide may be preferred over 
Raney nickel as a catalyst for this isolation procedure. 

The need for the isolation of a representative lignin fraction which-has 
undergone no or only very slight chemical change remains a fore~l~ost  problem 
for those interested in the fundamental chemical structure of this component. 
Many attempts have been made to prepare such a lignin (3). The isolation of 
the residual product from the periodate oxidative treatment of wood meal 
known as "periodate" lignin and the extraction of a lignified portion, "native" 
lignin, by means of cold ethanol have created the greatest interest. However 
i t  has been pointed out that the former product may have undergone partial 
oxidation, and the latter product unfortunately represents only a s~na l l  
portion, less than 10yo, of the original lignin. By previously subjecting various 
wood sanlplcs to the decaying action of wood rot organisms, Nord has managed 
to increase markedly the percentage of native lignin thus obtainable (3). 
Whether any such pretreatment has any effect on the lignin structure is, of 
course, open to question. 

1.Wantrscript reccived December 8, 1955. 
Contribulzon frotrl the Departmetrt of Chewlistry, l'nioersity of Saskalchewan, Saskatoolr, 

Sasknlcl~ewatt. 
Th is  paper constitutes part of the thesis xzrbli~itted by D.  C. Hagerman i n  partial fuljillment of 

tlre requiretnenls for the degrees of Bacltelor of E n g i n e e r i ~ g  (1951) und hfaster of Science Ln 
Cherttical Engkteerzng (1952). Part of this work was presented to the X I I t l t  Iltternational Congress 
of Pure and Applzed Chnlzstry i n  New York,  N.  Y.,  Septe?nEcr, 1951. 
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A method of lignin isolation that  has led to the identification of interesting 
lignin clegraclation products is the catalytic hydrogenation o i  whole ivood 
meal. By this method, solvent-extracted wood meal is suspended in an 
aqueous-organic solvent medium and heated a t  a nloclerate temperature of 
165-175OC. in the presence of hydrogen gas and a nickel catalyst for two to 
four hours. The residual pulp may be removed by filtration and the lignin 
isolated from the filtrate. This product has been shown to be essentially 
aromatic and to consist partly of substituted phenyl ethane and phenyl 
propane derivatives (4, 12, 13). Although admittedly these earlier investiga- 
tions have led to  a highly degraded lignin fraction, the method has resulted in 
all of the lignin being obtainable in chloroform solution, from which it may be 
readily recovered for further chemical investigation. I t  was felt that  a compre- 
hensive study of the conditions of such an isolation techniq~ie might lead to  a 
greatly ~nodified process whereby the effective separation is achieved but  with 
little chen~ical change in the isolated lignin fraction. 

Part A. Preliminary Isolation Experiments 

A series of preliminary experiments were made with a view to studying the 
effect on lignin removal of the nature of the suspending medium, the presence 
or absence of a catalyst, the initial pressure of hydrogen, and the time of 
reaction. A temperature of 160-180°C. was used throughout since in this range 
aromatic derivatives had been obtained and above which it was feared exten- 
sive ring hydrogenation would occur. The importance of this temperature 
range on the ease of lignin separation procedures has often been observed and 
is further supported by results reported herein. Samples of solvent-extracted 
aspen wood meal were suspended in the solvent medium, the catalyst added 
and the mixture heated in a high pressure reaction vessel in the presence of 
hydrogen gas a t  elevated temperatures for short periods of time. The reaction 
conditions for each run are outlined in Table I. 

The  cold reaction mixture was filtered, the acidity of the liltrate determined, 
and the residual pulp washed with the same solvent mixture before it was 
dried, weighed (allowance being made for the weight of catalyst), ant1 a small 
sample tested for lignin removal using the Maule reaction (17). For those 
cases in which water alone had been used as the medium a secondary extrac- 
tion of the pulp with a hydrophilic organic solvent removed a further apprec- 
iable amount of product. The  chloroform-soluble portions of the combined 
filtrate and pulp washings, and also of the secondary pulp extractives mentioned 
above, were obtained and dried to constant weight. Details of these observa- 
tions on the reaction products are also found in Table I. The use of a total 
chloroform solubility as the criterion of lignin isolation was considered suitable, 
as a first approximation, as  a comparative method of estimating lignin re- 
moval. Previous work had indicated that a clllorofornl extraction effected a 
reasonable separation of lignin products from water-soluble carbohydrate 
fractions. 

Notwithstanding the difficulty in trying to assess the value of the variation 
of these conditions merely on the basis of the chloroform-solubility of the 
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filtrate and i\/Iaule reaction on the residual p~rlp, the follo~ving co~tcl~~sions 
appear significant. The variation in tlie initial liyclrogen pressure above 
500 p.s.i.g. has little effect 011 the lignin removal, whilst below 500 p.s.i.g. 
there is some loss of efficiency. Then, too, the niarlied higher hydrogen ab- 
sorption a t  the higher pressures would suggest a more highly hydrogenated 
product and therefore one of less value for future structural studies. In terms 
of ease of isolation there was no apparent advantage to be gained by using- 
Raney nicliel as a catalyst. In fact, the observed higher hydrogen absorption 
in those runs ~ising tlie nickel catalyst would probably lead to a more highly 
reduced procluct. I t  is significant, though, that for tliose runs in whicli no 
catalyst was used the weight of the total c1iloroforn~-soluble fraction was 
consistently higher than that for those runs in which catalyst was used. 
This Inay be interpreted to indicate that there was, in tlie former case, tlie 
extraction into chloroform of a lignin-carboliyclrate complex fraction, whicli, 
under the conditions of catalytic hydrogenation, has been cleaved to leave 
only the lignin as the primary c1iloroforn1-soluble portion. 

The nature of the liquid medium had a marlced effect on the completeness 
of lignin removal. The use of dioxane alone was ~~nsatisfactory as illustrated 
by its failure to remove any lignin. Water alone was also ineffective as inclicated 
by the small chloroform-soluble extract of the original filtrate. However, in 
these cases it is interesting to note that a subsequent extraction of the residual 
pulp with an organic solvent (dioxane or ethanol) re~noved considerably Inore 
material which must have been I-eleased under the conditions of the experiment. 
The most useful solvent medium was a dioxane-water (1:l) mixture, by the 
use of which a t  170-180°C. for five hours a t  an initial hydrogen pressure of 
500 p.s.i.g. the lignin was completely removed. Under such conditions solubility 
in the liquid phase is complete as illustrated by the failure of tlie niixt~lre 
to remove any further product by a subsequent p ~ ~ l p  extraction (Run 10). 

Altl~ougl~ the I-ecorded acidity of the reaction filtrate does not represent a 
true pH value except maybe for tliose cases in which water alone was used, 
there is little doubt that some acidic component is released under the co~lditions 
of these experirnerits. Moreover the preferred use of the aqueous-organic 
medium would suggest that two separate effects are involved: that of the water 
functioning to permeate and wet the wood meal to later serve as the acidic 
medium promoting lignin separation, and that of the organic solvent phase 
functioning to remove the liberated lignin following the acid catalyzed hydro- 
lytic reaction. The apparent importance, in l i g ~ i n  solubility studies, of tlie 
nature of the solvent has been emphasized by Schuercli (15). 

Part B. Further Experiments on the Isolation and Oxidation of Aspen Lignins 

I t  appeared that a promising niethod of lignin removal involved the treat- 
ment of wood meal under the conditions similar to those of Runs 10, 13, or 
15. However, since this conclusion was based merely on the absence of residual 
ligrlin (Maule test) and on the weight of the cl~loroforni-soluble fraction, much 
further work was required to deter~nine whether this fraction did contain all 
tlie lignin and whether this lignin had been altered appreciably by this extrac- 
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TABLE I1 
ISOLATION AND OXIDATION OF ASPEN LIGNINS' 

Run 
No. 

Atmosphere 

(27 Calculated on  basis of l ignin owly) 

(29 Calc.illnted on  basis of l ignin only)  

4 .5  1 63 1 Pos. 

Filtrate 1 Resiclual pulpc 

58 ' Neg. 

1 

------- 
Maule 

test 

S1. pos. 
Neg. 

SI. pos. 

acidity" 

5 
5 
4.5 

~ s p e n  I<lasoi~ lTgnin 
Aspen extractive free, oven-dried, based on IClason lignin conlent 

---- 
Yield 

67 
64 
DO 

Oxidation products 

30 
31 
33 
34 0 
350." 

14.2 
I 15.1 

13.2 
20.2 
20.0 ' Trace 

5 
5 
2 
2 
4 

~ F o r  each rzln, air-dried, sohent-erzlracled pop la^. wood  ileal (32.4 gnz.); dioxniie-water ( 1  :1)  ($00 7121.), teinperatzrre 175-lSO°C., t imef ivc  11.01irs. 
"Ac id i t y  ~izeaszlred zlsing Fisher alkaloid test paper. 
CSee Table I (f, g ) .  
JReported as  percenlagc, b y  weigltt, of tlie oi-igiilal Klason l ignin.  
cT.Tinter only  z~scd as  suspe~rding inediz~in, li7ne 10 Iir. 
/Chloroform extract of the residzlal pzllp. 
0 Teniperatz~re 165-1 75" C. 
hGlacial acetic acid (26 ml.) added to the saspeizding ~ n c d i z ~ m .  
iI<indEy donaled by Dr. I;. E. Brauits.  

70 
GS 
GO 
71 
86 

0 
0 

500 
500 
500 

18 
0 
0 
0 

18 

Pos. 
POS. 
1'0s. 
1'0s. 
POS. 

H 2 

HZ 
Nz 
N? 
H 2 
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tion teclinique. Assunling that the major part a t  least of the original mcthoxyl 
content of the wood was associated with the lignin, then the nietlioxyl content 
of the chloroforni-solu11le fraction may be considered as a good indication of 
lignin removal. As a test of the chemical nature of this isolated lignin the 
p r o d ~ ~ c t  was oxidized with alkaline nitrobenzene and the yields of syi-ingalde- 
hyde and vanillin determined. Since such an oxidation of the original wood 
gave ~ i s e  to  high yields of these aldehydes, 32.5 ancl 11.5% of the IClason 
lignin, respectively, siinilarlj7 obtained values from the oxidation of the 
isolated ligniris would indicate in one respect a t  least the extent to  which the 
lignin had been modified. 

A second series of runs was therefore made in which thc products were iso- 
lated as before but on which the above mentioned further analytical observa- 
tions were made. The reaction conditions and the analyses of the various 
isolated lignins from each run are reported in Table 11. All the chloroform- 
soluble fractioils were fairly viscous oils a t  room temperature and, although 
originally amber to red in color, darkened considerably on standing. 

Uilfortunately none of the products so isolated gave the high yields of 
aldehydes that were obtainable from the wood itself, indicating that some 
chemical change had occurred ulhicll involved to some extent the groupings 
responsible for aldehyde formation on nitrobenzene oxidation. With the 
exception of Run 35, which inay be significant in that acetic acid was addecl to 
the reaction mixture and gave a product of high nlethoxyl content and better 
yields of aldehydes, the total production of syringaldehyde and vanillin on 
oxidation was in the range 15 to 20y0 instead of the possible &yo. I t  has been 
pointed out by Leopold ( lo) ,  in a study of this oxidation reaction, that  such 
linkages, P-y to the guaiacyl nucleus, as -C=C- or potentially unsaturated 

0 OH 
groupings such as I( and I ( are required in order to  

-C-CH?- -CH-CH- 
obtain high yields of vanillin. The destruction of some of these groupings is 
readily visualized under these reducing conditions. 

The methoxyl content (20-24%) of the isolated cl~loroform-soluble f~actions 
sho\vs a high recovery of this fragment. If allowance be made for an approxi- 
mate 15y0 of the methoxyl of aspen wood to  be associated with the holo- 
cellulose (7), the actual IClason lignin has a methoxyl analysis of around 
26.5%. This decreased methoxyl content may be due to direct ether cleavage 
and could be another factor in the decreased aldehyde yield. 

The results of Runs 27 and 29 for which a significantly larger chloroform- 
soluble fraction of low methoxyl was obtained lend support to the belief that  
in those cases for which no catalyst was used some uncleaved lignin-carbo- 
hydrate complex has been removed from the wood. The methoxyl contents 
of the procluct of these two runs, if calculated as a percentage of the ligilin only, 
ass~~mirig all the lignin to  bc present, are increased to 23.8 ancl 21.3%, res- 
pectively, and are then in agreement with those of the other runs. As an 
indication, too, that these fractions may represent a less changed procluct 
there are the higher total yields of aldehydes obtainable and the better sgring- 
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aldehyde to vanillin ratio if  the ratio is compared to tha t  of the whole lvood 
oxidations. For the other runs, the much higher ratio appears as a result of a 
decreased vanillin production, suggesting that  the linliages associated j1rith the 
guaiacyl nuclei are Inore readily destroyed. 

Runs 33 and 34 were designed to determine whether a good isolation, alIleit 
a lignin-carbohydrate complex, could be achieved in a nonreducing (nitrogen) 
atmosphere. However, delignification was not: complete nor \Irere the analyses 
of the isolated products of any added interest. The high acidity of the filtrate 
cannot be explainecl. The  oxidations of sa~nples  of aspen "native" lignin and 
of aspen IClason lignin were included to  indicate tha t  by this criterion of alde- 
hyde formation both these types of isolated lignins are .not  representative of 
the lignin in the wood. 

Part C. Effect of Temperature and Catalyst on  the Isolation and Oxidation of 
Aspen  Lignins 

From the foregoing experiments it appeared tha t  a successful isolation of an 
only nioderately changed lignin might still be possible as long as  the conditions 
could be modifiecl so tha t  undue destruction of certain linkages was prevented. 
T h e  effect of varying the reaction temperature and changing the type of 
catalyst now seemed to be the two most important studies. Lower- tenlperat~lre 
woulcl decrease the possibility of reduction although it was realized that  there 
was a minimum temperature for effective lignin removal. Copper c h r o m i ~ ~ m  
oxide catalyst was studied because of its known decreased tendency to reduce 
unsaturated linkages (1). The chemical nature of the isolated chloroform- 
soluble products was investigated as before. The experimental conditions for 
these series of runs along with the analyses of the resultant products are given 
in Table 111. 

Using the dioxane-water m e d i ~ ~ m  and Raney nickel catalyst, the isolated 
products were oils which varied in color from dark yellow to dark brown as 
the temperature was increased. The  chloroform solutions always darkened if 
allowed to stand exposed to the air, but  no discoloration of the solute occurred 
if  the chlorofor~n were removed even af ter  prolonged exposure. In  nearly all 
cases some crystallization occurred on long standing. From the runs made 
using the copper chromium oxide and zinc chromium oxide catalysts, the 
products were originally dark brown incolor bu t  rapidly changed to dark red 
on contact with air. These viscous oils slowly solidified to  flaky solids but show- 
ed no signs of crystallization. The  products from those experiments using 85% 
acetic acid and a nickel catalyst were dark red bu t  fairly fluid oils which 
darkened rapidly and which showed a tendency towards crystallization. 

From a consideration of the results presented in Table I11 a few general 
observations nxay be made. Under the conditions of these experiments, the 
importance, for lignin isolation, of practical temperatures in the range 170- 
180°C. is indicated for the use of both the nickel and copper chromium oxide 
catalysts in the dioxane-water medium. However, with niclteI in an 85y0 
acetic acid mixture this temperature has been lowered by sonle 30°C. I t  may 
be concluded tha t  neither the presence or nature of catalyst is important for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PEPPER ..IND I T A C E R M ~ I N :  ASPEN LICNINS 623 

lignin separation, but  tha t  this effect is primarily a combinecl result of the 
temperature ancl the acidity of the medium. The lack of sensitivity of the 
method and the rather empirical nature of the chlorofor~n-solubility do not 
allow a t  this time a inore accurate critical temperature to be established. 

The increasing yield of the chloroform-soluble fraction with increasing 
temperature is consistent and to be expectecl. However, the methoxyl content 
of this fraction appears dependent to soine extent on the catalyst and nature 
of the medium. With Raney nickel and dioxane-water, the methoxyl value 
parallels the increasing chloroform-solubility until a maximun~ is reached 
around 160 5°C. This value is in fair agreement with that  expected for the 
original lignin. Then as  the temperature increases the inethoxyl content 
decreases, owing possibly to partial deinethylation or to dilution of the fraction 
with nonlignin derivatives. Uncler siinilar conditions, but replacing the nickel 
by copper chronliun~ oxide catalyst, the percentage ~nethoxyl of the isolated 
fractions remains quite constant (15 2%) regardless of the ainount extrac- 
ted. This could be the result of the isolation of a definite lignin-carbohydrate 
fraction with a therefore lower inethoxyl content than that of a similar fraction 
obtained using nickel which, as it has been suggested earlier, may permit 
the cleavage of such fragments. With nickel in acetic acid (857*) the si~nilai-ly 
obtained methoxyl contents are again high, which tends to support the 
statement above. 

For the great majority of the runs reported in Table I11 the total yield of 
aldehydes, expressed as  a percentage of the cl~loroform-soluble fraction, 
remained between 20 and 25Y0, a value representing only about half that 
obtainable by the direct oxidation of the wood meal. For all cases in which 
nickel was used there is a noticeable increase in the syringaldehyde to  vanillin 
ratio a t  the expense of the vanillin content, a fact that  was noted in Par t  B. 
The  better ratio of the aldehydes obtained using the oxide catalyst is again 
indicative of a less changed product. 

Two other observations were made which pointed to the apparent lesser 
degree of hydrogenation when copper chroiniu~n oxide was used instead of 
nickel. One was the extra sensitivity to  air oxidation of the products portrayed 
by their rapid darkening on standing. The  second was the isolation from the 
filtrate of Run 52 of a chemically reactive product, no siinilar product being 
found in any runs using nickel as a catalyst. During the concentration of this 
filtrate, the distillate was tested with several reagents to determine whether 
any  products were thus being removed. Positive carbonyl, Fehling's, and 
iodoform tests were obtained, but  a phenolic test was negative. From this 
distillate was obtained a dark yellow oil which rapidly changed to a green, 
gunlmy substance before any further s tudy t o  identify it could be undertal<en. 
The  observed properties of this substance agreed with those of methyl glyoxal 
but no positive identification was made. A discussion of the possible role of 
inethyl glyoxal in plant metabolism has been given by Hibbert (8). 

In  review then, it appears that  the sensitivity to  chemical change of a t  least 
a large portion of the lignin as it exists in the wood will make its total isolation 
by any variation in the technique of catalytic hydrogenation a difficult task. 
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However, the change may not be very extensive as evidenced by the fact that a 
fraction containing all the lignin may be isolated. This does give rise to ap- 
proximately soy0 of the required aldehydes on nitrobenzene oxidation. An 
interesting possibility therefore arises; the separation of such an isolated 
lignin into two portions, depending on whether it does or does not yield 
aldehydes. Further chemical studies on these two portions might lead to an 
understanding of the linliages that have been destroyed by this method of 
isolation. I t  is realized that some of the conclusions which have been cli-awn 
from the results of this research, e.g., the isolation of a lignin-carbohydrate 
complex, have not been supported con~pletely by experiment. I t  is possible 
therefore that other interpretations of the data Inay .be made. I t  is hoped 
that subsequent investigations will permit a clearer unclerstanding of the 
reactions involved. 

Description of Reactants 

Aspen wood.-Native Saskatchewan aspen sapwood (PO~ZILZLS tremzlloides) 
was ground in a Wiley illill  (20 mesh), extracted with ethanol-benzene (4:l) 
for 48 hr., then with ethanol for 36 hr., t l~orougl~ly washed with water, and 
air dried. Anal.: Klason lignin, 1G.4; n~oisture, 5.8; methoxyl, 5.1GYo. 

Catalysts.-The following catalysts were prepared according to previously 
reported procedures: Raney nickel (11) (the washing in a hydrogen atmos- 
phere was deleted), copper chromium oxide (2), and zinc chronliunl oxide (14). 

Solvents.-Dioxane was purified according to Fieser (G). 

General Reaction Procedzlre 

The previ'ously reported (12) procedure for hydrogenation was followed. 
The solvent extractions were made exhaustively and solvent removal proced- 
ures were continued until constant residual weights were obtained. The 
reaction products were studied as outlined below. 

Part  A.-The cooled charge, on removal from the bomb, was filtered and 
the acidity of the filtrate tested with Hydrion paper. The pulp was washed by 
stirring with two separate 250 1111. portions of the same solvent medium. 
These washings and the original filtrate were combined, and reduced to  
incipient precipitation under reduced pressure (water pump) with sufficient 
heat to give a moderate rate of distillation. This solution was then extracted 
with cl~loroform (5 X 300 ml.) and the chloroform layer back-extracted with 
water (150 ml.). The excess chloroform was removed as before and the product 
dried a t  steam bath temperature and reduced pressure (water pump). A 
srnall sample (0.1 gm.) of the pulp after being washed was retained for a 
Maule test (17) and the remainder dried for 24 hr. a t  100°C. A correction for 
the presence of nickel was ~nade  by subtracting five eighths of the weight of 
the wet catalyst used. The secondary pulp extractions were carried out a t  the 
reflux temperature of the extracting solvent while the ~nixture was being 
stirred mechanically. The solvent was used in as many 250 ml. portions as 
was necessary for complete extraction, each portion being refluxed for three 
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hours. The solution was reduced to incipient precipitation or a volume of 
50 ml., whichever occurred the sooner, and adcled to chloroform (750 mi.). 
This mixutre was then extracted with an eq~ial  volume of water and the 
product recovered in the same way as that froill the cl~loroform extract of 
the filtrate. 

Part B.-To the charge in the bomb sodium hydrosulphite (0.5 gm.) and 
chloroform (50 ml.) were added as soon as the bomb was opened. The residual 
pulp, after removal by filtration, was extracted in a Soxhlet extractor with 
chloroform (200 ml.) for 10 hr. The pulp was dried a t  106°C. for 24 hr., ancl 
the weight of the recovered pulp was then calculated, a correction being made 
for the nickel if present. A s~nal l  sample (10 mgm.) of this pulp was used for 
the Maule test. The original filtrate, after the acidity was determined, was 
extracted with three separate (50 ml.) portions of chloroform which were 
together back-extracted with water (50 ml.). The combined pulp and filtrate 
extracts were concentrated under reduced pressure (Na atmosphere, 30-35°C.) 
and finally dried to constant weight in a vacuum desiccator. This product was 
then analyzed for methoxyl (9), and the values reported (Table 11) represent 
the mean of two determinations which differed from each other by less than 
one per cent of the Iclason lignin. The alkaline nitrobenzene oxidations were 
made on small samples (ca. 10 nlgnl.) of this product and analyzed for the 
resulting aldehyde content by the method of Stone and Blundell (16). 

Part C.- After filtration of the bomb contents, the pulp was washed with 
water (250 ml.). The volume of combined filtrate and washings was reduced 
to approximately 50 ml. (35°C. a t  27 mm.). To  the product were added water 
(50 ml.) and chloroform (75 ml.). The mixture was shaken and the chloroform 
layer removed. The water layer was further extracted with two 75 inl. portions 
of chloroform and these three extracts co~nbined. The pulp was extracted in a 
Soxhlet extractor with chloroform (200 ml.) until no further color was removed 
(five hours). After drying a t  100°C. for 24 hr. the weight of the recovered pulp 
was calculated, correction being made for the catalysts present, and a small 
sa~nple used in the Maule test. The combined pulp and filtrate extracts were 
dried over anhydrous sodium sulphate for 24 hr., and reduced in volu~ne to 
25 ml. (25°C. a t  27 mm.). At this point the solution was transferred to a 50 ml. 
Erlenmeyer flask and the remaining cl~loroform removed under similar 
conditions. This product was analyzed for methoxyl content and for aldehyde 
production by alkaline nitrobenzene oxidation according to the methods given 
in Part B. The procedure and reagents used in the ~netlloxyl determination 
were periodically checked by trial determinations on vanillin and those used 
in the aldehyde analyses were checked by repeated determinations on the 
extracted wood meal. Some idea of the reproducibility of this procedure is 
given by the following sets of analyses made a t  different times. The yields of 
syringaldehyde and vanillin, expressed as percentage of the Iclason lignin, 
were: 31.1, 11.3; 33.2, 11.7; 31.8, 11.8; and 33.9, 11.0%. 

All the reduced pressure distillations referred to above were carriecl out 
using two small "film evaporators" constructed, with modifications, according 
to the assembly described by Craig et al. (5). The main difference involved the 
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use of only one rotating flask, which was connected by an  adapter to a ball 
and socket joint. A pulley system attached to this adapter provided the neces- 
sary rotation through this ball and socket joint. The socket joint was attached 
a t  a slight inclination to  the center of a vertical systeni carrying an efficient 
condenser on top and a receiver flask on the bottom. A water aspirator was 
attached through tlle top of the condenser. The  advantages arising from 
the use of such equipment with respect to the use of lour temperatures, rapid 
concentration, and decreased foaming, were significant. 

Examination of the Distillation of R z ~ n  52 

During the reduction in volulne of the filtrate from Run 52 (Table 111), 
portions of the distillate were tested with several reagents to  determine whether 
any of the products of hydrogenation were being removed. An o r a ~ ~ g e  red 
precipitate was obtainecl with 2,4-dinitrophenylhydrazine and positive 
Fehling's and iodoform tests were also obtained. A negative test for phenols 
was obtained using the ferric chloride - potassium ferricyanide test mixture. 
T o  recover this carbonyl containing fraction, the distillate was extracted with 
ether (5 X 50 ml.). The resulting ether-dioxane solution was shaken with 
moist solid sodiunl bisulphite until the ether solution no longer gave a positive 
test with 2,4-dinitrophenylhydrazine. T o  the solid addition product, after 
filtration, were added water (50 mi.) and ether (50 ml.), and the mixture was 
acidified with hydrochloric acid. The aqueous layer was extracted with 5 X50 
ml. ether and the combined ether extracts dried and concentrated a t  room 
temperature to leave a dark yellow to orange colored oil. On standing this 
product changed to a green, gummy substance. 
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TWO SYNTHESES O F  1,5:3,6-DIANHYDRO-2,4-0-METHYLENE-D- 
GLUCITOL: STABILITY O F  T H E  METHYLENE ACETAL BRIDGE 

TOWARD AQUEOUS ACID1 

ABSTRACT 

l,5:3,6-Dianhydro-2,4-0-methylene-D-gucitol has been synthesized by two 
wholly independent routes. The methylene acetal bridge was found to  be stable 
in hot water and dilute aqueous acid and thus differs from the methylene bridges 
in 1,4:3,6-dianhydro-2,5-0-methylene-D-mannito and in the D-iditol analogue 
of the latter colnpound. I t  is suggested that this difference may be due to  the 
ease of folding of the glucitol derivative as comparetl to the rigidity of the 
mannitol and iditol structures. 

A previous ( I )  publication has indicated that  extreme molecular rigidity 
occurs in cyclic compounds such as 1,4:3,6-dianhydro-2,5-0-methylene-D- 
mannitol (I) and 1,4:3,6-dianhydro-2,5-0-n~ethylene-D-iditol (11) so that 
the strain within the bonds of I and I1 cannot be dissipated by folding or 
twisting of these bonds. I t  follows that  these substances should be unstable 
and cleavage of the most highly strained group within the n~olecules I and I1 
would occur. I t  was shown (1) that the methylene acetal groups in I and I1 
were extremely unstable and hydrolytic cleavage occurred with great facility. 

I t  was suggested (1) that  the substance 2,s-0-methylene-D-mannitol (111), 
being capable of folding and twisting to overcome internal strain, should be 
stable to the hydrolytic conditions used for I and 11. This was found to be the 
case. 

Further work was undertaken to investigate the feasibility of the hypothesis 
and a dianl~ydro-0-metl~ylene hexitol was synthesized that would not possess 
great molecular rigidity. This substance, 1,5:3,6-dianhydro-2,4-0-methylene- 
D-glucitol (IV), was found to be very stable toward hot water and 0.01 N 
hydrochloric acid. This stability was expected on the basis of the views 
postulated previously (I) ,  as examination of a model of IV shows tha t  the 
tricyclic structure may fold or twist to overcome internal strain within the 
molecule and the methylene acetal group should then be stable. 

Vargha (2) showed that 2,4-0-benzylidene-l,6-di-0-p-tolylsulpl~onyl-D- 
glucitol (V), on treatment with one molecular equivalent of sodium methoxide, 
lost one 9-tolylsulphonyl group with the formation of the ethylene oxide 
derivative, 5,6-anhydro-2,4-0-benzylidene-l-O-p-tolylsulphonyl-~-glucitol(VI) . 
Application of Vargha's method to 2,4-0-methylene-l,6-di-0-p-tolylsulphonyl- 
D-glucitol (VII) yielded 5,6-anhydro-2,4-O-methylene-l-O-~-tolylsulpl1onyl-~- 
glucitol (VIII). The  ethylene oxide ring was very easily cleaved by dilute 
hydrochloric and sulphuric acids to yield 6-chloro-6-deoxy-2,4-0-inethylene- 
1-0-p-tolylsulphonyl-D-glucitol (IX) and 2,4-0-methylene-1-0-p-tolylsulphonyl 
-D-gl~citol (X) respectively. The 6-chloro derivative (IX) on treatment with 
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Conlribzrlion from T h e  Research Instilute, Jdonlreal General Hospital, Montreal, Quebec. 

2In charge, Division of Organic Chentistry. 
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630 BAKER:  1,5:3,6-DIANHYDRO-2,4-0-BlETHYLENE-D -C;LUCITOL 

one n~olec~llar equivalent of sodium methoxide yielded VIII. This showed 
that the chlorine atom was situated either on the terminal carbon atom or on 
C-5, but  most probably on the terminal position since otherwise an L-idit01 
derivative would be obtained. Additional proof of the absence of an hydroxyl 
group on C-6 was obtained when tritylation of the chloro derivative I X  did 
not occur. 

The substance (X) reduced a glacial acetic acid solution of lead tetraacetate 
to the extent of one ~nole per mole oxidant thus showing the presence of 
vicinal hydroxyl groups in X. Monotosylation of X with tosyl chloride in 
pyridine yielded 2,4-0-methylene-1,6-di-O-~-tolylsulpl~onl-~-glucitol (VII). 
Therefore X was a glucitol derivative, which was expect'ed since cleavage of an 
anhydro ring which is on a terminal carbon atom occurs without Walden 
inversion. Saponification of X with aqueous sodiunl hydroxide yielded an 
anhydro derivative (XI) that reacted readily with trityl chloride in pyridine. 
Lead tetraacetate was not reduced, thereby indicatiilg the absence of vicinal 
hydroxyl groups. Thus the anhydro ring could not be either 1,6 or 1,3. The 
latter ring would be unlikely on steric grounds. Therefore the substance had to 
be 1,5-anhydro-2,4-0-inethylene-D-glucitol (XI). Treatment of X I  with 
tosyl chloride in pyridine yielded the monotosylate XI I ,  1,5-anhydro-2,4-0- 

CH?OH CHZO~; 

XVI /b. XVIl 

H-C-OH H-C-OOCCHa 
I 

HO-C-H 
I 

0 -+ CHjCOO-C-H 

CHz - 
I 

H-C-OH 

H-&--OH 

H-C --- 

I 
H-C-OH 

I 

I H-c-OH 
0 

I 
HO-C-H HO--C-H 

H - C 4 O C C H s  

I I 
H - C 4 H  0 "-'l7I H-C H-&,- 

I 0  I 
CHI 

H-C H-C 
I I 

XI11 XIV S V  

n~ethylene-6-O-~-tolyls~1lp~~onyl-~-glucito, which on sapollification with sod- 
ium methoxide yielded 1,5:3,6-dianhydro-2,4-O-metl~~~lei~e-~-glucitol or 2,4-0- 
inethylene-neoglucide* (IV). This latter substance on treatment with hot 
water or 0.01 N hydrochloric acid was recovered unchanged. Hydrolysis of 

*The  #re$% "neo" i s  z~sed here lo indicate analogoz~s ring strt~cture wi th  neo-nzan7tide, wlzkk i s  
1,6:3,6-dianhydro-D-ma7tnitol. 
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the methylene group occurred only on prolonged heating in 1 N hydrochloric 
acid. The  tricj-clic ring structure of IV is therefore relatively stable. 

Synthesis of 1,5:3,6-dianhydro-2,4-O-n~ethy1ene-~-g1ucito1 (IV) by a differ- 
ent  route served to  confirm its structure. The  D-glLIcitol derivative D-neo- 
glucide* (XII I )  was synthesized by a route that  made possible one of three 
structures (XII I ,  XIV,  XV). 1,5-Anhyd1-o-~-glucitol (polygalitol) (XVI) ,  
whose structure is known with certainty, was condensed with one nlolecular 
equivalent of tosyl chloride in pyridine and then acetylated with acetic 
anhydride. Isolation of the reaction product yielded a crystalline derivative 
that  had three acetyl groups. Saponification of the latter, 2,3,4-tl-i-0-acetyl- 
1,5-anhydro-6-0-p-tolylsulphonyl-D-glucitol (XVII) ,  with sodiiim methoxide 
yielded a product that  could be X I I I ,  XIV,  or XV. The  coinpounds X I V  and 
X V  having 1,2-glycol groups should be oxidized by lead tetraacetate. However, 
since this substance was stable to the action of this oxidant, it is very probably 
X I I I .  The  product of the reactions described above,l,5:3,6-dianhydro-D- 
glucitol (XIII) ,  was treated with forillaldehyde solution and hydrochloric acid 
and the isolated product proved to be identical with 1,5:3,6-dianhydro- 
2,4-0-methylene-D-glucitol (IV), prepared earlier. 

EXPERIMENTAL 

5,G-A nhydro-W,4-0-methylene-1 -0-p-tolylszilpho7zyl-D-glzrcitol(VIII) 
2,4-0-Methylene-1,6-di-0-~-tolylsulphonyl-~-gl~citol (VII) (47.4 gm.) was 

dissolved in chloroform (500 cc.). Methanol (75 cc.) in which sodium (2.2 gm.) 
had been dissolved was added to the cold (0") chloroform solution. A gel formed 
immediately and the mixture was allowed to stand overnight a t  5". The small 
excess of sodium methoxide was converted to carbonate, and water (100 cc.) 
was added to dissolve the  sodium salts. The chloroform layer was separated, 
dried over anhydrous sodiurll sulpliate, and concentrated i 7 z  vacuo to a thiclc 
sirup which was then dissolved in a small volume of 99% ethanol. The  solution 
was kept a t  -15O overnight and the crystalline mass, thus obtained, was 
washed with a little cold ethanol and finally dried. The  yield was 24 gm. 
(8OyO) and melting point was 94-95.5". This substance was pure enough for 
subsequent work. 

A sample was dissolved in a hot mixture of ethyl acetate-'isopropyl ether 
(1:3) and, after cooling slowly to 20°, crystallization occurred in the form of 
clusters of rosettes. The melting point was 95-95.5'; (a):'-4.4" (CHCl,; 
c, 5.6724). Anal.: Calc. for C14H18S07: C,  50.91; H ,  5.45; S ,  9.69. Found: 
C,  50.80; H ,  5.86; S,  9.6. 

Effect of Hydrochloric Acid on 5,G-Anhydro-2,4-0-methylene-1-0-p-tolylsul- 
phonyl-D-glzicitol ( VIII )  

The  compound above (5 gm.) was heated to boiling for about one minute 
with 870 hydrochloric acid (120 cc.). The  starting material melted, dissolved, 
and precipitation occurred. The  precipitate was filtered, washed with water 
to  remove all traces of acidity, and then air-dried. The yield was 4.1 gm. 
('74.5%). The crude product was recrystallized from ethyl acetate and the 
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melting point was 162-162.5' and rotation ( ~ i ) ~ ~ - 2 1 . 2 '  (pyridine; C, 2.9048). 
Anal.: Calc. for C14H19SC101: C, 45.75; H, 5.17; S, 8.7. Founcl: C, 45.68; 
H, 5.22; S, 8.7. 

A sample (1 gm.) of the above, 6-chloro-6-deoxy-2,4-0-methylene-1-0-p- 
tolylsulphonyl-D-glucitol (IX), was suspended in chloroform (100 cc.) and 
0.3 hd sodium methoxide in methanol (10 cc.) was added. The solid dissolved 
and precipitation of sodium chloride occurred. The reaction mixture was 
allowed to  stand overnight a t  so, the sinall excess sodium ~llethoxide converted 
to  carbonate, and the mixture washed once with a small volume of water to 
remove sodiu~n salts. The chloroform solution was dried over anhydrous 
sodium sulphate, the solvent removed in vacz~o, and the resulting sirup dis- 
solved in a little 95% ethanol and the solution cooled to -1.5°. Precipitation 
occurred and water was added so tha t  most of the product separated as a 
crystalline mass. The air-dried substance melted broadly a t  82-92' and mas 
recrystallized from 250 cc. of boiling isopropyl ether in a yield of 0.7 gm. 
(77%). Alone or in adnlixture with 5,G-a1lhydro-2,4-0-n1etl1ylene-1-0-~- 
tolylsulphony1-D-glucitol it melted a t  95-96'. 

Nonseaction oj' Trityl Chloride with 6-Chloro-6-deon-y-2,4-0-methylene-I-0-p- 
tolylsulphonyl-~-gluGitol (IX) 

A sanlple (0.3 gm.) of the above substance was dissolved in anhydrous 
pyridine (5 cc.) and trityl chloride (0.23 gm., 1 mol. equiv.) was added. The 
mixture was allowed to stand for three days a t  24' and was then added to 
cold water. The crystalline substance that  separated was renloved by filtration 
and washed well with water to remove most of the pyridine. After drying in air, 
the solid was extracted for one hour in boiling isopropyl ether (50 cc.) and 
filtered. The insoluble fraction (0.24 gm.) melted a t  1GO-1G2° when mixed with 
the starting material. The  isopropyl ether filtrate was concentrated to dryness 
and the solid was found to be slightly impure tritanol by a mixed melting 
point determination with authentic tritanol. This experiment proved that  the 
terminal carbon aton1 did not have an hydroxyl group and the starting 
inaterial was thus 6-chloro-6-deoxy-2,4-O-methylene-l-O-p-tolylsulpl~ony1-~- 
glucitol (IX). 

2,4-0-~~ethy~ene-~-0-p-tolylsz~lp~zonyl-~-glu~itol (X) 
5 ,6 -Anh~~dro -2 ,4 -0 -11~e t l~y l ene - l -O-~ - toys~1pon -~ -g luc i t o l  (52 gm.) was 

added to boiling water (1500 cc.). Concentrated sulphuric acid (15 cc.) dis- 
solved in water (60 c ~ . )  was added and the molten glucitol derivative (X), 
dissolved in about 10 min. The clear solution was quicli.ly neutralized with 
barium carbonate and the barium sulphate and carbonate were removed by 
filtration through a thin layer of decolorizing charcoal. The clear filtrate was 
then concentrated in vacuo to a thick sirup and the latter was dissolved in hot 
95y0 ethanol and a slight turbidity removed by  filtration through a layer of 
charcoal. The  alcoholic filtrate was then concentrated to dryness and traces 
of water were removed by codistillation with %yo ethanol. The  colorless sirup 
was dissolved in 99% ethanol, petroleum ether (30-GO0) was added to turbidity, 
and the solution cooled a t  -15'. sof t ,  feathery crystals melting a t  113- 
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114.5" separated. The crude product was recrystallized from the same solvent 
mixture with practically no loss and then melted a t  115-115.5'. I t  was soluble 
in acetone, ethanol, methanol, chloroform, and hot water. I t  was insoluble in 
ether and petroleum ether. I t  rotated (~y)Z~-0.24" (acetone; c, 2.2876). Anal.: 
Calc. for C11H20S08: C,  48.27; H ,  5.75; S, 9.2. Found: C, 48.15; H,  5.91; 
S, 9.1.. 

Conversion of 2,~-O-dletlzylene-l-O-p-tolylsulphony~-~-g~z~cito~ (1'111) into 2,4- 
0-Methylene-1 ,6-di-0-p-tolylsulphonyl-D-glucitol ( 1711) 

~ , 4 - O - ~ e t h y l e n e - l - O - p - t o ~ y l s u ~ p h o n y l - ~ - g u c t o  ( I  gm.) was dissolved in 
anhydrous pyridine (10 cc.). The solution was cooled to -5" and tosyl chloride 
(0.55 gm.) was added. The solution was allowed to stand for three hours after 
warming up to room temperature (24") and it was then added to cold water. 
The crystalline product that separated was removed by filtration, washed 
with water on the filter, dried, and then recrystallized from 95y0 ethanol. 
I t  melted a t  129-130" and the mixed melting point with authentic 2,4-0- 
methylene-1,G-di-0-p-tolylsulphonyl-D-gcitol was 128-130". 

Lead Tetraacetate Oxidation of Z,4-O-dlethylene-l-O-p-tolylsulphonyl-~-glucitol 
A sample of the compound above (0.2727 gm. )was dissolved in 0.0329 M 

lead tetraacetate in glacial acetic acid ill a 100.0 ml. volumetric flask and made 
up to volume with the tetraacetate solution. After 1, 2, and 24 hr. 0.94, 0.99, 
and 1.06 mol. equiv. of lead tetraacetate were consumed. 

1 ,5-Anhydro-2,4-0-methylene-D-glucitol (2,4-0-Alethylene-polygalitol) 

2,4-0-Methylene-1-0-p-to1 ylsulphonyl-D-glcito (10 gm.) was dissolved in 
freshly boiled water (200 cc.). Sodium hydroxide (1.1 gm.) was added and the 
solution heated on the steam bath in the absence of carbon dioxide. A few 
drops of ly0 phenolphthalein was added and after two hours the reaction 
mixture became neutral. The solution was then concentrated in vacuo and 
traces of water were removed by codistillation with 99y0 ethanol. The white 
crystalline residue was heated with chloroforin (400 cc.) and filtered to remove 
the insoluble sodium p-toluenesulphonate. The chloroform filtrate was con- 
centrated to about 200 cc. and petroleum ether (30-60") was added until 
a faint turbidity was formed. Crystallization occurred almost immecliately and 
the mixture was cooled to - 15" overnight to assure complete crystallization. 
The product was found to  be pure, as an additional recrystallization did not 
change the melting point of 135-135.5". I t  rotated (a)2'-24.2" (HzO; c, 
2.0632). Anal.: Calc. for C7H1205: C, 47.72; H,  6.82. Found: C, 47.50; H, 
6.93. 

I ,5-Anhydr0-2,4-0-methylene-6-0-trityl-~-glucitol 
1,5-Anhydro-2,4-0-methylene-D-glucitol (3 gm.) and trityl chloride (4.7 

gm.) were dissolved in anhydrous pyridine (30 cc.). The reaction mixture was 
allowed to stand three days a t  room temperature (24'). About 5 cc. water 
were added to dissolve the separated pyridinium chloride and the mixture was 
then added to cold water. The sirup that  separated was dissolved in chloro- 
form and the chloroform solution washed several times with water. The 
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chloroforn~ solution nras dried over anhydrous soclium sulphate, filtered ancl 
concentrated in vaczlo to remove the solvent and traces of pyridine. The light- 
yellow sirup was dissolved in 99% ethanol (100 cc.) and the solution was 
treated with decolorizing charcoal and finally filtered. The colorless residue 
formed a glass that would not crystallize from any of the solvents used. Yield 
was 4.8 gm. (68y0) and decomposition of 1.13 gm. of the substance with 
concentrated sulphuric acid yielded 0.68 gm. tritanol, showing the presence of 
one terminal hydroxyl group as the theoretical yield is 0.70 gm. 

1,5-Anhydro-2,4-0-methylene-G-O-;b-tolylsz~~~~10ny-~-g1z~cit0 (XI I )  

1,5-Anhydro-2,4-0-methylene-D-glucitol (20 gm.) was clissolved in anhydrous 
pyridine (200 gm.) a ~ l d  the solution was cooled to 0'. p-Toluenesulphonyl 
chloride (21.0 gm.) was added and the mixture was allowecl to stand four hours 
a t  24". The mixture was concentrated to 4 vol. and the sirupy residue mixed 
with cold water (500 cc.). The sirup did not solidify; it mas dissolved in 
chloroforn~ and the chloroform solution washed twice with ice-cold 2% 
sulphuric acid to remove pyridine and once with water. The chlorofornl solu- 
tion was clried over anhydrous sodium sulphate, filtered, ancl concentrated to 
dryness. A white crystalline substance separated in a yield of 31 gm. (81%). 
This was dissolved in hot 95y0 ethanol (200 cc.) and a trace of color removed 
by means of decolorizing charcoal. The cIear solution was allowed to cool and 
crystallization occurred. The product melted a t  118-1 19'. Further recrystalliza- 
tion from ethanol did not change the melting point. I t  rotated (a):-1.6.6" 
(CHC13; c, 6.0092). Anal.: Calc. for CllH18S07: C, 50.91; H ,  5.45; S ,  9.69. 
Found: C, 50.83; H ,  5.66; S, 9.7. 

I ,5:3,6-Dianhydr0-2,4-O-methylene-~-glucito ( I  Tr) 

1,5-Anhydro-2,4-0-methylene-6-O-;b-tolylsuphony-~-gucitol (15 gm.) was 
dissolved in chloroform- (250 cc.) and sodium (2 gm.) in ~nethanol (100 cc.) 
was added. The mixture became milky and after about 10 min. glistening 
crystals of sodium p-toluenesulphonate separated. The slight excess of sodium 
methoxide was converted to carbonate with carbon dioxide and the mixture 
was then concentrated to dryness in vacuo. The dry solid mass was broken up 
and extracted twice with boiling chloroforn~ and the mixture filtered. The 
clear, colorless filtrate was concentratecl to dryness and the solid residue ivas 
soluble in hot ether and hot ethyl acetate. Recrystallized once from ethyl 
acetate and twice from ether it melted a t  79.5-80' and rotated (c~):~-44.9' 
(CHCI3; c, 1.112). The yield after recrystallization was 5.7 gm. (79%). Anal.: 
Calc. for C7H10O4: C,  53.16; H ,  6.33. Found: C,  53.07; H ,  6.47. 

2,3,4-Tri-0-acetyl-1 ,5-anhydro-6-0-P-tolylsulphonyl-D-glucitol (X VIII)  

2,3,4-6-Tetra-0-acetyl-1,5-anhydro-D-glucto (24.5 gm.) was dissolved in 
chloroform (300 cc.). Metha~iolic sodium methoxide (25 cc. of 0.2 N) was 
added and the mixture allowed to stand 36 hr. a t  5'. The sod i i~~n  methoxide 
was converted to carbonate and the solvents removed in vacuo. The thick 
sirupy product containing sodium carbonate and bicarbonate was clissolved 
in hot anhydrous pyridine (45 cc.) and after the solution was cooled to 0°, 
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tosyl chloride (13.0 gm.) was added. The reaction mixture was then allowed 
to stand for two hours a t  22" and again cooled to  0'. Acetic anhydride (30 cc.) 
was added and the reaction mixture allowed to stand overnight a t  room 
temperature. The mixture was added to cold water and a sirup separated. 
The sirup did not crystallize after two days and it was therefore extracted 
with chloroforin. The chloroform solution was washed with cold 5% hydro- 
chloric acid to remove pyridine, washed twice with water, and finally dried 
over anhydrous sodium sulphate. The mixture was filtered and the chloroform 
filtrate concentrated in vacuo. The resulting sirup was dissolved in ether and 
the ether solution on cooling and scratching deposited crystals. Petroleum 
ether (30-60") was added to force complete crystallization. The crude product 
was then recrystallized fro~n 95y0 ethanol and it melted a t  143.5-144.5'. I t  
rotated (a): 62.2" (CHClR; 1,2; c, 1.3816). The yield was 19.9 gm. (61%). 
Anal.: Calc. for C19Hz+SOlo: C, 51.35; H ,  5.45; S, 7.27; Acetyl, 26.8. Found: 
C, 51.1; H ,  5.7; S, 7.3; Acetyl, 26.5. 

Conversion of 2,3,4-Tri-O-acetyl-l,5-anhydro-6-O-p-tolylsul~honyl-~-glucitol to 
1,5:S,6-Diankydro-~-g~ucito~ (D-Neoglucide) (XI I I )  

2,3,4-Tri-0-acetyl-1 ,5-anhydro-6-0-p-tolylsulphonyl-D-glucitol (1 1.4 gm.) 
was dissolved in anhydrous methanol (150 cc.) containing sodium (0.5 gm.) 
in solution. The reaction mixture was allowed to stand tivo hours at 24" and 
then heated to boiling under reflux for an additional two hours. The solution was 
cooled to lo0, the slight excess of sodium nlethoxide neutralized with dilute 
sulphuric acid, and the neutral solution concentrated to dryness in vacuo. 
The resulting gummy mass was heated with chloroform (250 cc.) and filtered. 
The residue consisting mainly of sodium p-toluenesulphonate was extracted 
once with hot chloroforln (75 cc.) and the combined filtrates were concentrated 
in  vacuo. The resulting sirup, which was soluble in ethyl acetate, chloroform, 
methanol, ethanol, acetone, water, and dioxane, was heated with isopropyl 
ether (120 cc.) and the solution was slowly concentrated until it became turbid. 
Scratching the flask caused inlinediate precipitation. The solid inass was 
removed by filtration and it was recrystallized once more from a large volume 
of isopropyl ether. The melting point was 150-152" and the rotation was 
(a): 4.1" (water: 1 ;  2 ;  c, 1.6116). The yield was 4.9 gm. (67.5%). Anal.: 
Calc. for CGHle04: C, 49.25; H, 6.87. Found: C, 49.08; H,  6.97. 

Lead Tetraacetate Oxidation of D-Neoglucide ( X I I I )  

A sample (0.4062 gm.) of D-neoglucide was dissolved in 0.543 M lead 
tetraacetate in glacial acetic acid solution and then made up to 100.0 ml. in a 
volunletric flaslc with the same solution. The lead tetraacetate solutio~l was not 
reduced after 2, 24, and 48 hr. This indicated the absence of a 1,2-glycol 
group. 

A sa~nple (0.3 gm.) of D-neoglucide was dissolved in 37% aqueous formalde- 
hyde (1 cc.) and concentrated hydrochloric acid ( I  C C . ~ .  The reaction mixture 
was allowed to stand for 20 hr. a t  40-45" and the hydrochloric acid removed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



with silver carbonate. Water (50 cc.) was added and the mixture filtered. 
The filtrate mas treated with hydrogen sulphide to remove dissolved silver 
ions and the silver sulphide removed by filtration through a thin layer of 
charcoal. The filtrate was concentrated to dryness in vaczco and the resulting 
colorless sirup was dissolved in ether (3 cc.) and seeded with a crystal of 
1,5:3,6-dianhydro-2,4-0-methylene-D-gluctol The mixture was cooled to 
-20" for 48 hr. The crystalline product was filtered and recrystallized once 
more from a small volume of ether. The yield was 0.11 gm. (35%) and the 
product, in admixture with a sample of 1,5:3,6-dianhydro-2,4-0-methylene- 
~-glucitol,  prepared as described earlier, melted a t  77-80". 

Effect of S o d i u m  Periodate and  Lead Tefraacetate o n  1,6:3,6-Dianhydro-2,4-0- 
methylene-~-glz~ci tol  ( I  I/') 

Samples of the above (IV) did not reduce either standard periodate or lead 
tetraacetate. This showecl the absence of 1,2-glycol groups. 

Effect of Acetic Anhydr ide  on  1,6:S,6-Dianhydro-2,~-methylene-~-glucitol ( I  V )  
A sample (2 gm.) of (IV) was dissolved in acetic anhydride ( 5  cc.) and 

anhydrous pyridine ( 5  cc.) was added. The reaction mixture was allowed to 
stand for 72 hr. a t  23' and then converted to  a thick sirup in vacuo. The 
sirupy residue was dissolved in chloroform and the chloroforn~ solution 
washed once with ice-cold 27, sulphuric acid, once with saturated ice-cold 
sodium bicarbonate, and then with water. The chloroform solution was dried 
over anhydrous sodium sulphate, filtered, and concentrated to dryness in 
vaczto. The white solid residue was recrystallized once from hot ether. The 
yield was 1.6 gm. (8OY0) and the mixed melting point with the starting mater- 
ial (IV) was 79-80". This indicated the absence of hydroxyl groups. 

E f e c t  of H o t  Water  o n  1,6:3,6-Dianhydro-2,4-0-methylene-D-glucitol (IV) 
A sample of the above (0.4 gm.) was dissolved in water (50 cc.) and boiled 

under reflux for one hour. The water was removed i n  vacuo and the distillate 
did not give a dimethone test for formaldehyde. The residue on recrystalliz- 
tion from ether was found to  be unchanged starting material in a yield of 
0.38 gm. (96%). 

Effect of 0.01 N Hydrochloric A c i d  o n  1,5:3,6-Dianl~ydro-d,4-O-methylene-~- 
glucitol ( I  V) 

A sample of the above (0.35 gm.) was heated under reflux in 0.01 N hydro- 
chloric acid (50 cc.) for one hour. The solution was neutralized with silver 
carbonate and then filtered. The filtrate was treated with hydrogen sulphide 
to remove traces of silver ions and after filtration the filtrate was concentrated 
to dryness and the white residue recrystallized from ether. The yield was 
0.28 gm. (82%) and the mixed melting point with starting material was 
78-80". 

E j e c t  of 1 N Ilydrochloric Ac id  o n  I T i  
The above experiment was repeated with 0.3 gm. of IV and 1 N hydrochloric 

acid. After one hour a trace of formaldehyde was formed. The solution was 
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then slowly distilled in a stream of nitrogen and the volume mas kept constant 
by addition of distilled water. After six hours all the formaldehyde was evolved 
and 0.47 gm. (86y0) of the dimethone of formaldehyde was isolated, washed, 
and dried. I t  melted a t  187-189' and the melting point was not depressed with 
authentic formaldehyde dimethone. The residue in the distilling flask was 
neutralized with silver carbonate and after filtration the traces of silver ions 
were removed as sulphide. The filtrate was concentrated to  dryness and the 
cloudy sirup dissolved in chloroform; the latter solution was treated with 
charcoal and then filtered. The clear, colorless filtrate was concentrated in 
vacuo to a thick sirup. The sirup was extracted with a large volume of boiling 
isopropyl ether. The solvent was allowed to evaporate slowly and crystalliza- 
tion occurred. The oily crystals were filtered and recrystallized once more from 
isopropyl ether. The yield was 0.13 gm. (48v0) and the melting point was 
150-152". A mixed melting point determination with authentic 1,5:3,6- 
dianhydro-D-glucitol showed identity. 

ACKNOWLEDGMENT 

The author is greatly indebted to the Sugar Research Foundation for a 
grant-in-aid and to A4iss E. H. Davidson for technical assistance. 

REFERENCES 
1. BAKER, S. B. Can. J. Chem. 31: 821. 1953. 
2. VARGHA, L. Ber. 68: 1377. 1935. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 
-- 

BENZIDINE-REARRANGEMENT DURING THE TITRATION OF AZO-COMPOUNDS 

WITH TITANOUS CHLORIDE 

Fainer, Myers, and Keirstead (1) recently mentioned that or1 attempting 
the estimation of some chlorinated azobenzenes with titanous sulphate 
according to the method of Icnecht and Hibbert (2), using a procedure similar 
to tha t  recommended by Siggia (4), they found that  in some instances, viz. 
when the p-positions to the azo-group were unsubstituted, only two equivalents 
of titanous sulphate were used instead of the expected four equivalents; and 
when the p-positions were blocked nearly four equivalents (reported 3.27 
ecluivalents) were used, benzidine rearrangement taking place when the 
p-positions are free. 

T h e  authors mention that Veibel (5) has reported similar rearrangements 
when azo-compounds are titrated with titanous chloride. They call attention 
to  the  strongly acid medium in which the reaction takes place, pointing out 
that  this will favor the benzicline rearrangement. Evidently a procedure 
such a s  tha t  recommended by Siggia will favor the benzidine rearrangement, 
but we should like to  stress that  a strongly acid mecliirm is not necessary 
for obtaining this rearrangement during the titration. We have for more than 
25 years used the technique recoinmended b y  I<olthoff and Robinson (3), 
in which the reaction of the medium is nearly neutral, the  reaction mixture 
being strongly buffered with sodium citrate. T h e  titration is carried out  a t  
room temperature and is finished in two to three minutes. Notwithstanding 
this, only two ecluivalents of titanous chloride'are used when azobenzene is 
titrated. From this is clearly seen tha t  even under reaction conditioils not 
favoring the rearrangement of hydrazobenzene into benzidine such a r-e- 
arrangement may take place during the titration. 

Other azo-compounds inay use more than two equivalents. We found, 
for example, that 3-nitro-azobenzene uses 8.5 equivalents of titanous chloride, 
which means six equivalents for the nitro function and 2.5 equivalents for the 
azo function. 4-Carboxy-azobenzene uses 2.05 equivalents of titanous chloride, 
and in estimating azo-compounds where both p-positions are blocked we 
found a consumption of three to  nearly four equivalents of titanous chloride, 
in excellent agreement with the statement of Feiner, Myers, and Keirstead 
tha t  4,4'-dichloro-azobenzene uses only 3.27 equivalents of titanous 
sulphate. 

When azo-compounds in which one or both p-positions are blocked use 
less than four equivalents of Ti- it ineans tha t  not only a benzidine re- 
arrangement, but a semidine or a dipheilyline rearrangement as well, may take 
place under the  conditions of the experiment, i.e. in nearly neutral solution. 
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AfcR.4 I' A N D  I'A I'ASOUR: ?,?,2-TKIFLLiOROETNYLAAIINE PREPARATIOA' 639 

The rate with which the titration is carried through lnajT influence the 
number of equivalents of Ti+* used. When a solution of o-azo-toluene is 
titrated in the usual manner slightly over two ecluivalents of titanous chloride 
are usecl, but when an excess of the titanous chloride solution is addecl in one 
batch or when, with even greater efficiency, the solution of the azo-compound 
is added to an excess of titanous chloride, ul? to three equivalents of titanous 
chloride are used. This result indicates that two I-eactions, viz. reduction to an 
aniline and rearrangement to a benzidine, proceed simultaneously when the 
initial reduction of the azo-compound to a hydrazo-compound has taken 
place. In the estimation of nitro-compounds we have so far never met this 
complication. 

1. FAINER, F., MYERS, J. L., and I~EIRSTEAD, I<. F. Can. J. Chcm. 30: 498. 1952. 
2. I~NECHT, E .  and HIBBERT, E. New reduction nlethods in vo l~~met r i c  analysis. Long- 

mans, Green and Co., New York. 1925. 
3. KOLTHOFF, I. M. and ROBINSON, C. Rec. trav. chim. 45: 169. 1926. 
4. SIGGIA, S. Quantitative analysis via functional groups. J. Wiley & Sons, Inc., New 

York. 1943. p. 82. 
5. VEIBEL. S. Anal. Chem. 23: 666. 1951. 

THE PREPARATION OF 2,2,2-TRIFLUOROETHYLAMINE1 

2,2,2-Trifluoroethylamine hydrochloride has been prepared (I) by the 
catalytic hydrogenation of 2,2,2-trifluoroacetonitrile which was obtained 
from 2,2,2-trifluoroacetamide on treatment with phosphorus pentoxide. 
The highest over-all yield by this method was 59y0 based on the acetamide. 
2,2,2-Trifluoroethylan~ine hydrochloride can be produced consistently in 
68-75% yields, in one step, by the reduction of trifluoroacetamide with 
lithium aluminum hydride. 

EXPERIMENTAL 

2,2,2-Trifluoroethylamine Ilydrochloride 

Trifluoroacetan~ide (50 gm., 0.44 mole) (prepared by the   net hod of Gilman 
and Jones (I)) was dissolved in 200 cc. of anhydrous ether and added slowly, 
with stirring, to a suspension of lithiurn aluminum hydride (42 gm., 1.1 mole) 
in 600 cc. of anhydrous ether so as to maintain gentle reflux2. An atmosphere 
of nitrogen was maintained in the flask. After the addition was complete, 
refluxing and stirring was continued for one hour, then the theoretical amount 

'Isszred a s  D.R.C.L. Report No.  141. 
CAUTION: T h e  referee has warned that when concentrated ether solzrtions of litltizrnz aluntinuitz 

hydride and triflzroroacetamide are mixed,  the reaction m a y  be violent. T h u s  i t  i s  essential that the 
solzrtions be dilzrted and the additions made wi lh  extreme care. 
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catalytic hydrogenation of 2,2,2-trifluoroacetonitrile which was obtained 
from 2,2,2-trifluoroacetamide on treatment with phosphorus pentoxide. 
The highest over-all yield by this method was 59y0 based on the acetamide. 
2,2,2-Trifluoroethylan~ine hydrochloride can be produced consistently in 
68-75% yields, in one step, by the reduction of trifluoroacetamide with 
lithium aluminum hydride. 

EXPERIMENTAL 

2,2,2-Trifluoroethylamine Ilydrochloride 

Trifluoroacetan~ide (50 gm., 0.44 mole) (prepared by the   net hod of Gilman 
and Jones (I)) was dissolved in 200 cc. of anhydrous ether and added slowly, 
with stirring, to a suspension of lithiurn aluminum hydride (42 gm., 1.1 mole) 
in 600 cc. of anhydrous ether so as to maintain gentle reflux2. An atmosphere 
of nitrogen was maintained in the flask. After the addition was complete, 
refluxing and stirring was continued for one hour, then the theoretical amount 

'Isszred a s  D.R.C.L. Report No.  141. 
CAUTION: T h e  referee has warned that when concentrated ether solzrtions of litltizrnz aluntinuitz 

hydride and triflzroroacetamide are mixed,  the reaction m a y  be violent. T h u s  i t  i s  essential that the 
solzrtions be dilzrted and the additions made wi lh  extreme care. 
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of water (79 cc.) was added gradually with stirring and cooling. During the 
addition of water the effluent hydrogen was passed through a trap cooled 
with dry ice - chloroform mixture. Additional water (45-60 cc.) was added 
slowly until the precipitate appeared white and granular. The precipitate 
was allowed to stand overnight and then separated by centrifugation. The 
solid was washed with ether, after which the washings, the contents of the 
trap, and the centrifugate were combined and the ethereal solution dried 
over Drierite. Dry gaseous hydrogen chloride was passed over the filtered 
ether solution and the precipatecl 2,2,2-trifluoroethylamine hydrochloride 
was recovered and dried in vacuo over phosphorus pentoxide, yield 44.5 gin. 
(75.1%). Calc. for CF3CH2NH3C1: C1. 26.2%. Found:Cl,  26.35%. 

2,2,2- Tri$uoroethylamine 

2,2,2-Trifluoroethylamine (b.p. 37.8-38.0°C. (757 mm.)) was prepared fro111 
its hydrochloride in excellent yield by the method of Gilman and Jones (1). 
Analysis by titration indicated that it was 99% pure. 

The authors thank Mr. N. E. Duncan for slcillful technical assistance. 
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ANALOGUES OF 2,2'-BIPYRIDYL WITH ISOQUINOLINE AND 
THIAZOLE RINGS. PART 11' 

I n  continuation of the work reported in Par t  I ,  several more bipyridyl analogues 
have been prepared and the absorption spectra of the  cuprous and ferrous 
complexes determined. The  res~rl ts  follow the pattern of the previous series of 
cornpotunds. 

In a n  earlier paper. ( 5 )  we reported the sjmthesis of a number of bipyridyl 
analogues and their reactions with cuprous and ferrous ion. Some of these 
were 1-isoquinolyl derivatives. In the present paper we report the sy~lthesis 
of several analogues with the isoquinoline ring connected in the 3-position. 
Examples of t h ~ s  type in the literature are confined to  3,3'-biisoq~~inolyl, 
prepared by Case ( I ) ,  who reported that it gave an orange color with ferrous 
ion, but gave no further details. We have repeated his synthesis, and have 
prepared in addition four new compounds; the structures of all these are 
shown below. In order to  avoicl confusion with those described earlier, the 
present compounds are numbered XVII to X X I ,  in continuation of the 
previous series. 

XVI I  R = H 
XVII I  R = CH, 
X I X  R = CtHs 

X X I  

On the basis of our present knowledge of this type of compound, those 
with no "ortho" blocking groups (XVII ,  XXI )  should react with ferrous ion, 
while the remainder should react only with cuprous ion; this was confirmed. 
Experimental work on the absorption spectra of the complexes was carried 

1 Ma7iuscript received illarch 16, 1954. 
Contribution from the Departnzetrt of Clrernical Engineering, University of Torotrto, Toronto, 

Ont. 
Condensed fro171 the 11f .A.5~.  tlzesis of F. R. Crowne. 
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FIG. 1. Absorption spectra of copper complexes of compounds XVIII, XIX, XX. 

out in the same manner as for the previous group; Fig. 1 shows the absorption 
spectra. in the visible region for the cuprous complexes of co~npounds XVII I ,  
X I X ,  and X X ,  all of which were extractable by isoa~nyl alcohol. 

The depressing effect of a phenyl group in the "ortho" position (as com- 
pared to  a methyl group) on the value for E,,, is evident (compare XVII I  
and X I X ) ;  this is the same as  was observed in the previous series. The two 
compounds (XVII, XXI)  with 110 "ortho" group gave weakly colored un- 
stable complexes, the spectra of which were not determined. I t  is of interest 
to compare the value for E,,, for X X  with that  found by Hoste (3) for the 
isomeric I-(2-quinolyl) isoquinoline: 

,-.\ ,'-'. 
I , I  \ 

C u p r o z ~ s  complexes 
A-em,, = 6230 a t  470 mp 
B-em,, = 2550 a t  495 mp 

The  fused ring in position B should not result in any appreciable hindrance 
to planarity, so that the steric situation in the immediate vicinity of the 
metal ion should be the same in both cases. 

Compounds XVII  and X X I  behaved in a similar manner toward ferrous 
ion; both gave orange complexes which were highly dissociated, and we 
were unable to calculate accurate values for the molar extinction coefficients. 
The  absorption spectra are shown in Fig. 2. Irving and Williams have pre- 
dicted (4) that  X X I  should give an extractable conlplex with ferrous ion, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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WAVE LENGTH, m/CL 
FIG. 2. Nbsorptiol~ spectra of iron complexes of compounds XVII, XXI. 

and that it should be a more sensitive reagent than 2,2'-bipyridyl, which 
has a value of em,, of 8700 a t  522 mp (6). We have confirmed this, since the 
complex is indeed extractable by isoamyl alcohol, and an approximate value 
for ern,, is 14200 a t  445 mp. 

EXPERIMENTAL 

Melting points are corrected: microanalyses by Micro-Tech Laboratories, 
Skokie, 111. 

Isoquinoline-3-carboxaldehyde, prepared from 3-methylisoquinoline b y  
the method of Case (I), was condensed with an equimolar amount of hydro- 
xylamine hydrochloride in aqueous ethanol. The mixture was made alkaline 
and poured into water, and the product recrystallized kom ethanol. Yield 
nearly theoretical, m.p. 197-197.5OC. Calc. for CIoHgONZ: C, 69.75; H ,  
4.68; N,  16.27%. Found: C, 69.80, 69.83; H ,  4.54, 4.65; N, 15.94, 16.07%. 

3-Cyanoisoquinoline 
The aldoxime, (19.5 gm.) was warnled with acetic anhydride (25 gm.), 

and after the vigorous reaction had subsided, the mixture was refluxed for 
two hours and then poured into water. The product was extracted with 
petroleum ether and recrystallized from ethanol in 80% yield, m.p. 127.5- 
128°C. Calc. for ClaHsNz: C, 77.90; H, 3.92; N,  18.17y0. Found: C, 78.23, 
78.34; H, 3.98, 3.97; N, 17.91, 18.0070. 
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Five grams of the cyano compound was dissolved in 200 ml. ethanol, and 
ammonia was bubbled th~-oi~gh the solution, follouecl by hydrogen s~ilphide. 
The yellow precipitate which appeared on standing was cr~~stallizecl from 
ethanol. Yield theoretical, m.p. 198-198.5"C. Calc. for ClaHeN2S: C, 63.80; 
H, 4.28; N,  14.80%. Found: C,  63.90, 64.14; H ,  4.48, 4.40; N, 14.97, 15.13%. 

3- (2- Tt~inzo1e)isoqz~inoline (XV I I)  
Isoquinoline-3-thiocarboxamide (5 gm.) and ethyl a$-dichloroethyl ether 

(5 gm.) were dissolved in 230 ml. 75y0 ethanol and the solution refluxed for 
12 11s. A further 4 gm. of the ether was added and refluxing continued for 
eight hours more. The solution was concentrated to 100 ml., made alkaline, 
and extracted with petroleum ether. Evaporation of the extract left an orange 
oil, which was crystallized from petroleum ether. Yield lo%, m.p. 116- 
117°C. Calc. for CI?HeNsS: C, 67.90; H, 3.80; hr, 13.20%. Found: C, 67.86, 
68.06; H,  3.85, 3.94; N, 12.87, 12.7770. 

3-(4-Mefhy1-2-thiazole)isoqzlinoline (XVI I I )  
5-(4-Phenyl-2-thiazole)isoqz~i~toLine (XIX) 

These were prepared by condensation of the thiocarboxaillide with chloro- 
acetone and w-chloroacetophenone in ethanol. The products were recrystal- 
lized from ethanol; yield about 80% in both cases. Data for XVIII:  m.p. 150- 
151°C.; calc. for C13HIeN2S: C, 69.00; H, 4.46; N,  12.38y0; found: C, 69.00, 
69.01; H ,  4.55, 4.53; N, 12.34, 12.11y0. Picrate m.p. 184.5-185°C.; calc.; 
N ,  15.38y0; found: N ,  14.92, l5.06yO. Data for XIX:  m.p. 173.5-174°C.; 
calc. for ClsH12NzS: C,  74.97; H, 4.20; N, 9.72%; found: C, 75.13, 75.15; 
H ,  4.11, 4.16; N, 9.70, 9.84y0. Picrate,m.p. 191.5-192°C.; calc.: N, 13.54%; 
found: N, 13.40, 13.60%. 

T o  a Grignard reagent in ether prepared from 2.6 gm. magnesium and 14.8 
gm. methyl iodide was added 11 gm. 3-cyanoisoquinoline in 600 ml. ether. 
The mixture was warmed gently and shaken, a volun~inous precipitate ap- 
pearing. Most of the ether was distilled off, 200 ml. dry benzene added, and 
the mixture refluxed for one hour and then cooled. Crushed ice and 50 ml. 
cold soy0 sulphuric acid were added .slowly, an orange precipitate appearing 
in the aqueous layer. The benzene layer was extracted with acid, and the 
combined acid portions made alkaline and steam-distilled. The product was 
recrystallized from ethanol, yield GO%, n1.p. 92-923°C. Calc. for C1lHSON: 
C, 77.17; H, 5.30; N, 8.23%. Found: C, 77.21, 77.31; H, 5.18, 5.34; N, 8.21, 
8.40%. Clemo and Popli (2) report m.p. 88°C. for this compound. 

3- (2-Quino1yl)isoqui~ioline (XX) 
To  a solution of 3.4 gm. o-arninobenzaldehyde in 25 ml. 95y0 ethanol 

was added a solution of 4.5 gm. 3-acetylisoquinoline in 75 ml. 95y0 ethanol. 
Potassium hydroxide in ethanol (1.5 ml., 1 N) was added, and the mixture 
refluxed for two hours and cooled. The product was recrystallized from ethanol, 
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CROII'NE AND BRECKENRIDGE: AXALOGUES OF 2.2'-BIPYRIDFL. II (545 

yield 5001,, n1.p. 151.5-152°C. Calc. for Cl8H12N?: C ,  84.35; H ,  4.72; N, 
10.93%. Found: C, 84.40, 84.52; H ,  4.80, 4.77; N ,  11.11, 11.10%. Picrate 
m.p. 245.5-246°C.; calc.: N,  14.43%; found: N,  14.68, 14.55%. 

We wish to acknowledge with thanks financial assistance provided by the 
Advisory Committee on Scientific Research, University of Toronto. 

REFERENCES 

1. CASE, F. H. J.  Org. Chem. 17: 471. 1952. 
2. CLE~IO,  G. R. and POPLI. S. P. 1.  Chem. Soc. 1406. 1951. 
3. HOSTE, J.  Anal. Chim. kcta ,  4:B3. 1950. 
4. IRVING, H. and WILLIAMS, R. J .  P. Analyst, 77: 813. 1952. 
5. I<NOTT. R. F. and BRECKENRIDGE. I. G. Can. I. Chem. 32: 512. 1954. , < 

6. MOSS, li/l. L and MELLON, M. G. Ind. Eng. ~ h k m .  Anal. Ed. 14: 862. 1.942. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE BIOGENESIS OF ALKALOIDS 
X. THE ORIGIN O F  THE N-METHYL GROUPS O F  THE 

ALKALOIDS OF BARLEYL 

ABSTRACT 

Sotli~um formate-CL4 and CL4-methyl-D- and L-niethionine were each fed to  
sprouting barley under identical conditions and radioactive alkaloids were 
isolated from the leaves and roots. Degradation of these alkaloids showed that 
the D- and L-methionines were an  equally efficient source of.the methyl groups 
of N-rnethyltyra~nine and hordenine, the root alkaloids; but D-methiorline was 
a less efficient source than L-methionine of the methyl groups of gramine, from 
the leaves. The formate was a source of the methyl groups of all the alkaloids, 
howelper, less efficient than tlie methionines, and a very poor source for the 
methyl groups of gramine. The signihcance of these results is discussed. 

In view of the recent work on the biological ~nethylation of the allcaloids 
hordenine (9, 14), nicotine (3, 4), ricinine (7), and protopine (18), it was of 
interest to see whether the N-methyl groups of the alkaloid gra~nine \vhich 
occurs in the leaves of sprouting barley also arose from formate and methi- 
onine. The efficiency of D- and L-methionine as  methyl donors was also com- 
pared. Co~nparatively little work has been carried out on the utilization of 
D-amino acids by the higher plants. In one case (19) it has been sho~vn that 
\vhile the L forms of certain amino acids produce toxic effects on Nicofiana 
species, the D-amino acids have no ill effect. With microorganis~ns lnore work 
has beell done, some are apparently able to  utilize both for~ns of the amino 
acids equally while others fail to utilize the D form, presumably owing to  the 
absence of a D-amino acid oxidase in such organisms (11). Thus it was found 
(17) that Lactobacillus arabinosus did not utilize D-methionine whilst the same 
organism in the presence of pyridoxal was able to use it  (5) presumably by 
racenlization to DL-methionine via a chelate ring formation involving the 
pyridoxal (16). 

In the present work the sodium formate-C14 and the C14-methyl labelled 
D- and L-n~ethionines were fed to identical dishes containing the germinating 
barley and after a suitable period the alkaloids were isolated and separated as 
previously described (1, 10, 12). In all cases the alkaloids were radioactive 
and they were degraded by established methods (12, 13) in order to locate 
the positions of activity. The hordenine from the formate and L-methionine 
feeding experiments was not degraded since previous work (14) had shown all 
the activity to reside in the methyl groups. 

Table TI shows that all the activity of the radioactive alkaloids was present 
in the N-methyl groups. Considering first the root alkaloids, fornlate is seen to 
be a less efficient source of methyl groups than methionine. This is in accor- 
dance with results previously obtained (3, 14) and favors the hypothesis that 

'dilanuscribt rcccivcd il~arclz 22. 195L. 
~o?ttribl~t:ort froin thc ~ i a i s i o ? ~  of Purc Chenzistry, National Rcsearclr Cozctlril, Ottawa, 

Cnnndn. Issued as N.R.C. No. 32.91. 
:iValio?rnl Researcl7 Corincil of Cn?tndn Posldoctornl Fe1lo.i~. 
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formate is a precursor of the methyl groups of methionine. The D- and L- 

methionines are equally effective as a source of the methj-1 groups. The  
appreciably higher activity of the N-methyltyramine, which only contains one 
methyl group, over hordenine, which contains two, confirms the stepwise 
~nethylation (i.e., tyramine --t N-methyltyramine --t hordenine) since, if the 
N-methyltyramine were produced by the demethylation of hordenine, analo- 
gous to  the formation of nornicotine from nicotine (6) in Nicotiana glutinosa, 
one would expect it to  have a lower specific activity than hordenine. 

In so far as  gramine was concerned, D-lnethionine was significantly less 
efficient than L-nlethionine, and it is suggested that  the leaves which are 
assumed t o  be the site of synthesis (2) are not capable of inverting the D- 
methionine. Thus the active granline from the D-nlethionine feeding experi- 
ments results from D-methionine which has been inverted t o  L-methionine in 
the roots. The  higher activity of the leaf extract (Table I )  in this experiment 
is presun~ably due t o  D-methionine which has bypassed the enzymes causing 
inversion and which cannot be utilized in the leaves as a source of methyl 
groups. On the other hand, formate was a very poor source of methyl groups 
for this alkaloid. The  inability of formate to  serve a s  a precursor of N-methyl 
groups in ricinine has been reported by Dubeck and I<irkwood (7) who 
suggested that  this inability was due to  the state of development of the 
Rici~zzis plants used in their experiments. In barley, however, formate does serve 
as  a precursor of the N-methyl groups of hordenine and N-methyltyramine, 
although with gramine this action is very much less marked. This might indi- 
cate that  the transfer of methyl groups by formate t o  methionine takes place 
in the root but  not in the leaves in which the methylation of the nitrogen of 
gramine can only take place by the action of methionine translocated fro111 
the roots. Such an  interpretation of the result would also indicate that  the 
enzyme syste~ns are less developed in the leaves of barley than in the roots. 

The  activity of the gra~nine from the formate feeding experiments is of the 
same order as tha t  of the gramine obtained from the feeding experiment with 
doubly labelled tryptophan-2-P-CIGn the presence of large amounts of mold 
(13). In the latter experiment the gramine isolated from the plant had appre- 
ciable activity in its N-methyl groups, and the postulate made then that  the 
activitj- in the methyl groups had arisen by attack of the tryptophan by mold 
t o  yield formylkynurenine, which gave rise to  the active formate by hydrolysis, 
is thus consistent with the present result. 

EXPERIMENTAL 

D- and ~ - C ' ~ - m e t h y l  Labelled Methionines 
S-Benzyl-DL-homocystine was resolved via the formyl derivative with 

brucine as  described by Du Vigneaud and Patterson (8) and the two isolners 
converted to  the methionines by treatment with sodium follo\ved by C"- 
methyl iodide in liquid ammonia (15). 

Feeding of Labelled Substances and Isolation of the Alkaloids 
I,-R/Iethio~~ine was fed to 720 gm. of barley in 12 trays on the fourth day of 

germination when the shoots were 1-1.5 cm. long, the temperature of the 
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germination cabinets varied between 15 and 21°C. D-Methionine and formate 
were also fed to identical batches of barley under the same conditions. In each 
case the plants were harvested on the 10th day of germination, the roots and 
leaves separated, dried, and the alkaloids extracted as previousl~. described 
(1, 10, 12). Details of the amounts of tracers fed and the yields of the various 

TABLE I 
WEIGHTS A N D  ACTIVITIES OF LABELLED SUBSTANCES FED AND ALKALOIDS ISOLATED FROM 

THE BARLEY (720 ~ h f .  I N  EACH E X P E R I ~ ~ E N T ) *  
-- 

I 

I Tracer 

Sodium formate I L-Methionine I D-Methioiiiae 

Weight fed 

1 Total actix.ity 

Leaves I I I 

Roots 
Wt. of roots 
Activity of methanol extract 
Wt. of hordenine 
Wt. of N-methyl-tyramine 

Wt. of leaves 57 gm. 44 gm. 15 gm. 
Activity of methanol extract 1 7 . 3  X lo4 1 1.33 X loG 1 3.04 X lo6 
Wt. of gramine 65.2 mgm. 46.0 mgm. 4G. 2 mgm. 

*Actiuities expressed a s  disintegrations per minute .  

113 gm. 
8 .1  X lo5 
66.5 mgm. 
48.6 mgm. 

TABLE I1  
ACTIVITIES OF THE ALKALOIDS AND THEIR DEGRADATION PRODUCTS* -- 

I 

1 Tracer 

126 gm. I 113gnl. 

I Sodium formate ( L-Methionine D-Methionine 

5 . 0  X loG 
41.3 mgm. 
16.4 mgm. 

Hordenine 
Hordenine hydrochloride 
Hordenine methiodide 
Methylhordenine methiodide 
Trimethylamine picrate 
p-Vinylanisole 

7 . 8  X lo6 
77.0 mgm. 
20.1 mgm. 

IV-A!lethyltyrantinc 
N-Methyltpramine hydrochloride 
Hordenine methiodide 
Methylhordenine methiodide 
Trimethylamine picrate 
p-Vinylanisole 

G r a n ~ i n e  
Dimethylethplamine picrate 
3-Ethoxymethylindole 

- 

* A l l  activities are for carrier free ntaterial and are expressed a s  distintegratio7~s per ,irinz~te per 
nzilli7nole. 

2.08 X 10" 
3.10 X lo4 

Not degraded 

8 . 0 ~  x 10" 
7 .01 x lo4 

Not degraded 

7.80 x lo4 
7.7.5 x lo4 
7.95 x 10' 
7 .65 X lo4 
8.10 x 10' 

0 
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estracts are given in Table I .  Table I1 summarizes the results obtained on 
assay of the all<aloids and their degradation products obtained as previously 
described (12, 13). 
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KINETICS OF THE REACTION H + CHI = CH; + Hz ' 

ABSTRACT 

The reaction H -+ CHI = CH, f Hz has heen st~ldied in  the temperature 
range 0'3" to 163°C. The rate constant is given by the espression k = 1.7 X 10-1" 
exp ( - 4 5 0 0 / R T j .  The data are i n  agreement with the results, I ~ u t  not the inter- 
pretations, of previous work. The entropy or the methyl radical has been cal- 
c ~ ~ l a t e d  for several temperatures. 

INTRODUCTION 

In a recent publicatioll (13) preliminarl- data were reported for the kinetics 
of the reaction H + CH4 = CH3 + Ht. The significant feature of the results 
was the fact that the steric factor and activation energy were found to be very 
much lower than had been previously suspected. The results have been sub- 
jected to a careful analysis and will be presented here together with a compari- 
son with the data obtained bv other workers. 

The method has already been described (2, 8). Particular care was talien to 
purify the methane and hydrogen. RiIatheson C.P. methane (99.070) lvas 
passed through two towers containing Fieser's solution, three containing con- 
centrated sulphuric acid, and one containing Drierite. I t  was then subjected 
to  trap-to-trap distillation using "pumped down" liquid air traps. The resulting 
gas was found to contain 0.3y0 ethane and 0.03y0 ethylene. T o  reduce these 
impurities below the limit of detection the gas was allowed to bubble slowly 
through liquid methane at the temperature of liquid air and then through 
mercury, which fixed the pressure over the liquid a t  approximately 20 mm. 
The gas was then frozen in a "pumped down" liquid air trap a t  -206°C. 
I t  was estimated that the final gas contained less than 0.01% impurities. 

Some ethane was formed in the reaction. I t  was partially removed from the 
gas stream by passage through a "pumped down" liquid air trap; additional 
amounts were removed by isolating samples of the gas which cane  through 
this trap, removing the hydrogen by diffusion through a palladium thimble, 
and circulating the residual gas, which was largely methane, through a snlaller 
"pumped down" liquid air trap. The total amount of ethane collected was 
negligible, however, in comparison with the amount of atomic hydrogen that 
reacted with the methane. I t  seems justifiable, therefore, to neglect combina- 
tion of methyl radicals under the conditions used in the present experiments. 

RESULTS 

4 number of experiments were done in the temperature range 99" to 163OC. 
using various pressures of methane and of molecular hydrogen. The reaction 

'AfIanz~script received Afarclz 91, 1954. 
Contributio?~ from tlre Departme?zt of Chenzistry, U~zizvzrsity of Toronto, Toronlo, Ont. 

Z P r ~ s e n l  address: Atoniic E~zergy of Ca~inda Limiled, Clzalk Rizrer, Ont. 
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BERLIE A N D  LE R O Y :  KINETICS OF A REACTION 651 

was considerabl>, slolver than that with ethane (2) and consequentl>- great 
care had to be taken in making the correction for H atoms consumed by 
combination to form Hz. I t  has been pointed out (8) that the combination of 
atomic hydrogen under our experimental conditions appears to have an order 
between one and two. The partial pressure of methane would be expected to  
have an effect on the second order combination reaction, and hence the results 
reported here are only for experiments in which the ratio of inethane to 
hydrogen was kept approximately constant. 

The interpretation of the results is based on consideration of the following 
reactions: 

H + CH1 = CHa + Hz, [I]  
H + CH, (+ M) = CH4 (+ M ) ,  PI 

2CH3 = CzHs, [3 I 
CH3 + H2 = CH4 + H. [A] 

In view of the negligible amouilt of ethane formed, reaction [3] may be 
neglected. If [l] were followed by [4] no H atoms would be consumed (other 
than by combination to form H2). If only [I] and [2] occur then, aside from the 
combination reaction, the rate of consumption of H atoins would be given by 
the relation 

-d(H)/dt = 2kl(H) (CH1). ( 9  

If ,  in addition, [3] and/or [4] take place the value of kl  calculated on the basis 
of (i) would be too small. Since it will be assumed that only [I.] and [2] occur, 
the values of kl will be minimum values. If [4] occurs a t  all under the present 
experimental conditions it will become more important a t  the higher tempera- 
tures. This possibility will be examined more fully in the following section. 

When allowance is made for first and second order combination of H atoms 
the rate equations take the form 

-d (H) ldt = kcl(H) + 2k1 (H) (CHI) (iij 
-d(H)/dt = kc" (H)' + 2kl(H) (CHI), (iii) 

in which kc1 and kc" are the first and second order rate constants for H atom 
combination, respectively. I t  might be expected that  kc" would be different 
for a hydrogen-methane mixture than for hydrogen alone. 

As described previously (2) the H atom concentration a t  any positioil in 
the reactor was determined by measuring the rate of liberation of the heat of 
coinbination on the detector; this was measured as a wattage and given the 
symbol W. The method of determining the constant of proportionality f in the 
expression (H) = fW has also been described (2). The reaction time t was 
calculated from the linear flow rate in the reactor and the distance of the 
detector from the point where the methane was added. 

In terins of the nleasured quantities, equations (ii) and (iii) become 
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In the integrated form they are 

log I.11 = -0.4343 (kcf + 2kl(CH,)]t + constant, (vi) 
log1 1 3 2k1(CH4)/(kcf'JW)} = 0.4343 X 2kl(CH4)t + constant. (vii) 

On the basis of (vi) log LV should be a linear function of t ,  or for a given 
linear flow rate, of the distance d from the point of mixing. From (vii) a plot 
of log W vs. t would not be linear. A typical plot is shown in Fig. 1. 

FIG. 1. Plot of log W vs. d for experiment 7Me. The linear flow rate was 98.4 cm. set.?, 
and hence t = d/98.4 sec. 

In Table I the values of kl calculated from (vi) are given the symbol k l f ,  
those from (vii) the symbol kl". The means of the values calculated by the 
two methods are given in the last column. 

((1) I n  the absence of nzethane. 
(b )  W i t h  nzetlzane present. 
Concentrations are expressed in atoms or nzolecziles c ~ a . - ~ ,  k," and kl in  ~ n 1 . ~  n~olccule-I sec-'. 

TABLE I 

The values of klf were obtained by subtracting the slopes of the best straight 
lines through log W vs. t p l o ~ s  for experiments with and without methane, 
but otherwise under identical conditions. 

A lower limit for the value of kc" was obtained by plotting 1 /W vs. t for an 
experiment with no methane present; the slope of this curve, kCf'f, would give 

Expt. 

-- 
!Ma /Me 
7Md 

kct1 
X1O15 

( b )  

4.85 
7.22 
6.55 

kl' 
X10L7 

-- 
3 .27  
6.95 
9.08 

Temp., 
OC. 

-- 
90 

139 
163 

k,' 
set.-I 

---- 
3.13 
3.25 
2.83 

kc" 
X10I5 

( a )  -- 
2.88 
3.18 
3:00 

meail 

(H)o 
X10-l5 

1.07 
0.99 
0.91 

(Hn) 
X10-15 

-- 
143 
132 
122 

---- 
4.70 
7.55 

10.15 

( C H 4 )  
X10-15 

-- 
34.G 
32.0 
30.6 

3 .98  
7.25 
9.62 
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BERLIE A.VD LE  R O Y :  KINETICS OF -4 REACTION 653 

a sillaller value of kc" than would apply to an experiment in which methane was 
present since, presumably, methane ~ f o u l d  be more efficient than hydrogen as 
a third body. A first approximation to k y  was the value kl', obtained as de- 
scribed above. By a method of successive approximations the ratio of k l  to 
kc" in the log term was adjusted until the best straight line fitting eq~iation 
(vii) was obtained; the values of kl" in Table I were obtained fro111 the slopes 
of such lines. 

The values of the first order rate constant for the recombination of H atoms 
are given in colun~n six of Table I ;  they are very similar to those obtained 
previously (8), and correspond closely with the recombination coefficient of 
2 X found by Smith (16) for a metaphosphoric acid surface. On the other 
hand, the second order rate constants for H atom reconlbination given in 
column seven are in fairly good agreement with the data of Farkas and Sachsse 
(10) quoted by NIorikawa, Benedict, and Taylor (14). Their third order rate 
constant, 3.4 X 1016 ~ m . ~  mole-Qec.-', corresponds to a value of k," of 
13.4 X 10-lS ~ r n . ~  molecule-I set.-I a t  a hydrogen concentration of 143 X 1015 
~nolecules ern.?, compared to the value 2.88 X lO-l5 given in Table I. 

An Arrhenius plot of the data in the last three columns of Table I is shown 
in Fig. 2. The following expressions are obtained from the straight line corre- 
sponding to the mean values of kl: 

kl = 1.7 x 10-1"-4500/RT 
! 

kl = 1.3 X 10-5 c-'flOO/RT, 

FIG. 2. Arrherlitrs plot for k,. Q k,', assuming first order recombination of H atoms; 8 kt", 
assuming second order recombination of H atoms; mean of kl' and kl". 

ACCURACY OF T H E  RESULTS 

The present results differ somewhat from those quoted in the preliminary 
note (13), viz. pl  - 10-5 El - 6.6 kcal. per mole. ~ o w e b e r ,  the original 
values were obtained on the basis of first order recombination of H atoms only, 
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and it can be seen from Fig. 2 that this leads to high values of El. The original 
values of kl were also in error to a slight extent because no allowance had been 
made for the change in pressure and flow rate on adding nlethane to the 
hydrogen stream. 

In estimating the accuracy of the present results it is necessary to make a 
distinction between the accuracy of the actual rate constants, on the one hand, 
and the accuracy of p1 and El on the other. We believe it unlikely that the 
value of k l  for any temperature will be in error by more than a factor of two 
fro111 any or all of the following causes: ( a )  errors in measurement, \vhich are 
relatively small, (b) uncertainty in making the correction for H atom recom- 
bination, (c) neglect of reactions [3]  and [4 ] .  

Neglect of reaction [3]  could, a t  the most, cause an error of a factor of two 
in kl ,  and this would require that all of the methyl radicals forined in [ I ]  be 
used up in [ 3 ] ;  the small amount of ethane forined makes this unlikely. Some 
justification for eliminating reaction [4]  from the present scheme is obtained 
from the data of Whittle and Steacie (25) .  For the lowest temperature quoted 
in their work, 210°C., they obtained the value k4/k311" 22 X 10-13, or, in 
terms of actual reaction rates, R4/R3'I2 = 22 X 10-13(H?). I t  follolvs that a t  
lG3OC., the highest temperature used in the present work, 

R4/R3'I2 < 22 X 10-13(H2), 
and hence 

However, we have found that R 3  < R1, and hence, using the data for experi- 
ment 7NId and assuming the average value of ( H )  to be one tenth of the initial 
value, 

I t  therefore seems justifiable to neglect reaction [4] in the present experiments. 
Probably the greatest source of error in the determination of k l  is in making 

the correction for H atom recombination. This error will be greatest a t  low 
temperatures, since recombination will then account for a greater proportion 
of the H atoms consumed; this is seen from Table I and Fig. 2. 

A conservative estimate of the possible error in El can be made by assuming 
an error of half the difference between kl' and kl" for the highest and lowest 
temperatures used; this works out to  be &1.2 kcal. per mole. The correspond- 
ing error in the exponent of A1 in the expression k l  = Alc-E1lRT or of pl in the 
expression kl = plZ e-E1lRT is approximately 0.7. The actual errors in E l ,  A 1 ,  
and p1 may be somewhat greater. 

DISCUSSION 

The activation energy obtained in this investigation is considerably lower 
than previous estimates (18,-19).  I t  is therefore appropriate to discuss a t  some 
length the methods and conclusions of previous investigators. 
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Bonhoefier and Harteck (41, v. \Vartenberg ant1 Schultze (24), and Chadwell . 
and Titani (5), using the discharge tube method, found no evidence of pro- 
ducts a t  room temperature, and Geib and Harteck (11) found none a t  ten]- 
peratures up to 183°C. These negative results were taken to indicate that k,  
was too small to measure, since no ethane appeared to have been formed b11 
the combination of methyl radicals. However, we have found in the present 
work that the rate of ethane formation a t  low pressures is very much less 
than the rate of reaction [I].  Furthermore, the present data and those for ethane 
(2) show that a t ,  say, 183°C. k1 would be approximately equal to 0.04 k5, 

H + CzHs = CnH5 + Hz, [51 
and hence for conditions which would lead to the measurable decomposition of 
hydrocarbons such as ethane, the amount of ethane produced from the methane 
reaction would be too small to measure. The present results are therefore not in 
disagreement with those obtained by the earlier workers. 

Under certain conditions the use of D atoms affords a sensitive test for the 
occurrence of reaction [I],  or more correctly reaction [ la] ,  

D + CH.4 = CHI + HD. [ la ]  
This method has been ~ised in the more recent work, but it will be seen from a 
detailed examination of the various papers that the authors have been reluc- 
tant to accept an interpretation of their data which would indicate a low value 
for El,. 

Geib and Steacie (12) studied the reaction of D atoms with methane a t  20" 
and a t  100°C. by the discharge tube method. The amount of n~ethaneexchailged 
ranged from zero to 4.3y0, but there appeared to be no correlation between the 
per cent exchange and the temperature. They attributed the apparent lack of 
reaction to El,  being a t  least 11 kcal. per rnole, taking the steric factor to be 0.1. 
I t  is significant that for a temperature of 100°C. this estimate corresponds to an 
activation energy of 4.1 kcal. per mole combined with a steric factor of 10-5. 
In a similar investigation Steacie and Phillips (20) reported 1.9% exchange, in 
essential agreement with the results of Geib and Steacie. 

Steacie (17) used the discharge tube method to investigate the reaction of 
D atoms with methane up to 500°C. The per cent exchange was corrected for 
what appeared to be exchange resulting from back diffusion of methane into 
the discharge. The correction was made by subtracting the average exchange 
a t  room temperature (4.3%) from all the values for higher temperatures. I t  
seems not unreasonable to suppose that the small temperature coefficient of 
exchange a t  low temperatures might, a t  least in part, be attributed to reactions 
[ la]  and [2a]. 

D + CH3 (+ M) = CH3D (+ M) Pa l  
At the higher temperatures the rate of exchange would increase more rapidly 
by reason of reaction [4a], which would regenerate D atoms. 

CH3 + DZ = CH3D + D [4aI 
The most recent value of Ed,, 11.8 kcal. per mole (25), is in line with this 
suggestion. 

Trenner, Morikawa, and Taylor (22), also using the discharge tube method, 
reported no exchange of methane below 310°C. under conditions similar to 
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those in which the reaction of D atoms with ethane caused 24.2% of the latter 
to be consumed. However the present value of kl  a t ,  say, 163°C. is less than 
1/20 of the value of kj, and hence the amount of exchange to be expected wo~tld 
onlj- be of the order of one per cent; this was close to the limit of err-or of the 
method used to determine C-D bonds. 

While the present method involves, essentially, the measurement of the 
rate of exchange of methane without the ~ l se  of D atonis, the actual rate of 
consumption of H atoms is a much more sensitive rileasure of the rate of [ I ]  or 
[ l a ]  than would be the determination of tlie per cent excliange. For example, 
it can be calculated that a t  163°C. the per cent of methane exchanged in 
experiment 7Md would have been only 0.85. 

Morikawa, Benedict, and Taylor (14) stucliecl the H s - ( ~ P I )  photosensitized 
exchange between D2  and CHI over the temperature range 98" to 488°C. 
From 98" to 196°C. tlie temperature coefficient was verji small; a t  the higher 
temperatirres it corresponded to an activation energy of 12 kcal. per mole. 
Tliey attributed tlie low-temperature activation energy of 4.5 lccal. per rnole 
to the reaction 

rather than to reaction [la]. 
This appears to be the only case in which an appreciable activation energy 

has been assigned to tlie dissociative quenching of a hydrocarbon. However 
their interpretation can only be made by disregarding the published quencliing 
data for CH* and/or D2 (1, 9). Taking into account the molecular weights of 
tlie two gases, these data predict that the quenching efficiency of Dz should be 
almost 250 times that of CH4. The maximum q~lantum yield for exchange 
through reaction [6] woulcl then be only 0.004 a t  98°C. The observed quantum 
yields a t  98" were 0.42, 0.59, and 0.25. The predicted quantum yield could be 
raised to a maximum of 0.016 by postulating exchanges of the type 

but this would mean that most of the exchanged methane would be in the form 
of CDI, contrary to their observations. If the low-temperature activation 
energy is assigned to reaction [la] then tlie results of Morikawa, Benedict, and 
Taylor are in good agreement with the present results. 

Darwent and Roberts (7) have pointed out what would appear to be an 
inconsistency between our results on reaction [5] (2) and our preliminary 
results on reaction [l] (13). Their work was based on the following mechanism: 

D2S + hv = D + DS, 
D + CH4 = CH3 + HD, 

D + C2Hs = C2H5 + HD, 
D + DZS = D? + DS. 

The method consisted in measuring the ratio (HD)/(D2); with methane this 
should be proportional to (CH4)/(DzS) with slope kl,/kg, with ethane it should 
be proportional to (C?HG)/(D?S) with slope kSa/k9. The determination of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FERLIE AiVD LE R O Y :  KINETICS OF A RE.ACTIO!V 657 

activation energies of reactions such as [ la]  or [Sa] by this method req~iires 
the determination of the effect of temperature on these slopes, and a knowledge 
of Eq (and the steric factor pg, i f  steric factors are to be calculated as well). 
The difference in activation energy for reaction [lo],  

and reaction [0] was evaluated from the effect of temperature on the slope of 
the (HD)/(D2) vs. (H?)/(D2S) curve for experiments in which HZ was sub- 
stituted for the hydrocarbon. Eq (as well as pq) was calculated by adopting 
the values Elo  = 5 kcal. per mole, plo = 0.07 (6). These latter values have 
recently been questioned (3), and hence the most reliable method of cornparing 
our results with those of Darwent and Roberts would seem to be in terins of 
rate constants, rather than activation energies. 

At 400°C. Darwent and Roberts found a considerable increase in (HD)/(Dp) 
for an increase in (C2Ha)/(D2S), but not for an increase in (CHr)/(D?S). 
However, on the basis of our present results the slope of the latter curve 
would be only about 1/35 of that for ethane. The values of (HD)/ (D,) would 
therefore not be expected to rise much above the "background" value of 0.25, 
to which all of their curves extrapolated (although according to theory a11 of 
the curves should extrapolate to zero). 

Space does not permit further consideration of the results of other workers 
on reactions [ I ]  and [la]. The earlier literature has been covered by Steacie 
(18). 

Although more reliance can be placed on the values of k1 than on the cal- 
culated values of El ,  it is of interest to  compare our value of E l  with bond 
dissociation energy data. The C-H bond dissociation energy in methane has 
been estimated to be 102 f 1  kcal. per mole (21), although the temperature 
to which this value applies is not certain. The dissociation energy of Hz a t  
25°C. is 104.2 kcal. per mole (15). I t  is probably safe to assume that the change 
in internal energy for reaction [I]  is approxin~atel>~ 2.2 f 1 a t  temperatures 
of the order of 150" to 200°C. Whittle and Steacie (25) quote a value of 10.0 
kcal. per mole for E4. Since we have found El to be 4.5 kcal. per mole, there 
would appear to be a noticeable discrepancy in the results in so far as agree- 
ment with the relation 

E 4  - E l  = -AE" (viii) 

is concerned. However, taking into consideration the uncertainty in each of 
the activation energy values, the uncertainty in - AEo, and the uncertainty 
in the validity of (viii) as applied to activation energies calculated in a parti- 
cular way, the discrepancy may be more apparent than real. 

ENTROPY OF 'THE METHYL RADICAL 

More rigorous than (viii-) is the relation 
RT In (kl/k4) = T A S 0  - AE", (ix) 

from which it is possible to calculate AS0  a t  any temperature for which values 
of kl, kr, and - A E O  are known. The largest source of error is probably in the 
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last cluantit).. U~ifortunately the temperature ranges for our data and those of 
Whittle and Steacie do not overlap, but a negligible error should arise in 
extrapolating the latter data to 163'C., a t  which temperature kl is 9.62 X 10-17. 
Whittle and Steacie obtained data for k4/k31t2, rather than for k4. They found 
p4/p3'I2 to be 1.6 X and E4 - 4E3 to be 10.0 kcal. per mole, but since p3 
is undoubtedly in the range 0.01 to 1.0, and E3 is approximately equal to zero, 
the value of k4 a t  163OC. can be estimated with some certainty to be in the 
range 1.08 X 10-l8 to 1.08 X 10-17. Assuming, as before, that -AEO = 2.2 
f l  kcal. per mole, it can be shown that A S 0  = 1.6 =t 4.6 e.u. From thermo- 
dynamic data for H ,  CH4, and Hf  (15) it follows that So for the free methyl 
radical is 44.9 f 4.6 e.u. a t  163OC. 

Extrapolation of the data of Whittle and Steacie to 9g°C., the lowest tem- 
perature used in the present experiments, yields the value 45.3 f 5.0 e.11. for 
the entropy of the methyl radical a t  that temperature. If the present data on 
reaction [I.] are extrapolated to 210°C., the lowest temperature quoted by 
Whittle and Steacie, using the values A1 = 1.7 X lo-'', El = 4.5 kcal. per 
mole, the entropy of the methyl radical a t  that temperature is found to be 
49.3 =t 4.4 e.u. A higher value a t  this temperature is to be expected on ther- 
modynamic grounds. 

Some years ago Zeise (26) calculated the entropy of the methyl radical to 
be 47.345 a t  298OK., 49.80 a t  400°K. The values calculated from kinetic data 
on reactions [I] and [4] are in satisfactory agreement. Trotman-Dickenson 
(23) has recently estimated a value of 45.5 e.u. a t  room temperature. 

Trotman-Dicltenson (23) has utilized the equation 

to calculate A S ,  but this procedure is less reliable than the use of (ix) because 
of the assumptions of a theoretical nature involved, and because errors in A 
and E are complementary. 

The authors are indebted to the Associate Committee on Scientific Research 
of the University of Toronto for financial assistance in this research, and to 
Dr. C. B. Collins of the Department of Physics for making mass spectro- 
graphic analyses of certain methane samples. We would also like to acknow- 
ledge the assistance received from the National Research Council in the form 
of a Studentship held by one of us (M. R. B.). 
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STRESSES AND STRAINS IN ADSORBENT-ADSORBATE SYSTEMSL 

ABSTRACT 
thermody~iamic co~~siderations a simple eciuatio~~ is derived \ ~ h i c h  

correlates length changes of a porous rigid adsorbent with its elastic a ~ ~ d  adsorp- 
tive properties. The equation contains a structure factor which is a constant 
characteristic cf t h e  adsorbent. Calculated and obse r~ed  results agree reasonably 
well and suggest that, in the cases concerned, the assumptions underlying the 
derivation of the equation are valid. The ~~nderlyirig assumptions are: ( a )  both 
adsorbate and adsorbent can each exist separately in equilibrium with externally 
applied forces in states that are tl~ermodynamically identical' with their states 
i n  the adsorbate-adsorbent system, ( b )  adsorption isotherlus represent paths 
of thermodynamic reversibility. 

In previous papers we have shoivn that the pore dimensions of both micro- 
pore and inacropore systems of certain activated carbons may be estimated 
from permeability data (7). The dimensions of the micropore sjrstems were 
related to micropore permeability by means of equations derived from the 
thermodynamic conditions for equilibria of single component fluids in potential 
fields. Thus micropore permeability equations were based upon the assumption 
that,  in the adsorption reaction, the adsorbate and adsorbent retain their own 
individ~lal properties. 

This paper is mainly concerned with stress-strain inferences derivable 
froin this assumption, as well as with the plausibility and limitations of the 
assumption. More particularly, the basic assumption is: Assemblies of volumes 
of the pure adsorbable gas and assemblies of volumes of the pure adsorbent 
can each, exist separately, in equilibrium with externally applied forces, in 
states that are thermodynamically identical with their states in the adsorbent- 
adsorbate system. When and only when this assun~ption holds, is it theoretic- 
ally possible to determine the change in the state of stress of the adsorbent 
resulting from the adsorption reaction, and to correlate this change in state 
of stress with the elastic constailts of the pure adsorbent and with its dimen- 
sional changes. 

When this assumption is applied to an isotropic porous adsorbent the 
following very simple equation (Equation 16) can be deduced: 

This equation thus provides a basis for a fairly sensitive experimental test 
of the validity of the assumption that in the adsorption reaction the adsorbate 

'Ilfanzcscript received February 8, 1954. 
Contribz~tion j r o ~ r ~  the Division of Pure Chemistry, Aratiotzal Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 3995. 
2Nutionul Research Council Posldoclorul Fellow, 1951-55. 
%1/1 = length change per ?init length; /3 = coefficient of cubical compressibility of the solid 

adsorbent; 9 = ratzo of void volume to solid volume; K = ratio of linear average stress to volv- 
metric average stress; a = mean number of volumes adsorbed averaged over the pressure interval 
6p; p = hydrostatic pressure ofjlziid szrrrozindi~zg the adsorbent-adsorbate systenr. 
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and adsorbent retain their own incliviclual properties. Accordingly, some 
experiments have been carried out ,  the results of  which suggest tha t  this 
assumption is reasonably valid as  applied t o  large adsorptions by certain 
activated carbons. 

I t  may he remarked tha t  Hill (10) has pointed ou t  some of the clifficulties 
in distinguishing clearly between the thermodynamics of adsorption processes 
which are essentially "solution" processes and those special cases which are in 
conformity with the above assunlptions. 

In  what follows, a simple theoretical developn~ent of some inferences deriv- 
able from the above assumption is presented, together with some experimental 
results and relevant discussion. 

'THEORETICAL 

For a process of transformation of two separate systems into a single 
system containing the  same matter where the temperatures, pressures, surface 
tensions, etc. of the systems are t o  remain constant during the process, the  
condition t h a t  it shall be reversible is, 

[ I ]  Fi  + F2 = F12, 

where F1, FQ,  and Flz are the free energies4 of the first, seco'ncl, and combined 
systems, respectively. Accorclingly, in order tha t  the process of transfornlation 
of the  separate systeins into the  combined system shall remain reversible a t  
any point along a path of variation of the  three systems, the path of variation 
is subject t o  the condition, 

PI dF1 + dF2 = dFl2. 

Applying this equation to  the isothermal reaction between a gas and a n  
almost incompressible solid of ver)~ low vapor pressure, fils, which forms a 
solid product under a hydiostatic pressure very nearly equal t o  that  of the  
pure gas with which it is in equilibrium, tha t  is, applying Equation 2 t o  con- 
ditions analogous to  those which prevail during gas adsorption measurements, 
we can write, 

[3I vidpi  + dFn = ~ i ? d P i z ,  

where v l  is the volunle of the  pure gas a t  the  equilibrium pressure, p l ,  cor- 
responding t o  the mass, nl,  of gas adsorbed and  vlQ is the volume of the com- 
bined system whose hydrostatic pressure is $ 1 2 .  

Equation 3 thus describes a point of the  path of variation for changes in the  
pressures pl and plz along which AF = 0 for the process of transformation of 
the pure components into the  combined system. Integrating Equation 3 
between appropriate limits we can describe the  path of variation, corresponding 
to  a constant mass of sold, nQ, interacting with any  quantity of gas, lzl ,  and 
thus obtain, 

S 
ui=pL(nL=nl) P.  ( 1 1 2 )  ~,.(t~,=n,.tr,=n,) 

PI vldf i ,  + S dF2 = S v12dp12. 
pl=O(nl=O) p2.(n,) ~ . ~ ( n ~ = O . i ~ , = n , )  

4 F  = E = - TS + pv + 72, where E = energy, S = entropy,  y = surface tension,  2: = 
szlrface area, etc. 
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Since p,,  is assurned:very:low, p12 = $1, accordingly, we can write, 

where 8, is defined by 01 $ 1  = vldpl and f i 1 2  is similarly defined. l: 
I11 the case of large adsorptions, f i1  will be, in general, much larger than 

f i l g ,  the latter being of the order of the volume of the solid. Hence for large 
adsorptions we can neglect f i 1 2 . p l  in comparison with f i l - p l  and assuming the 
gas ideal over the given pressure range, we can write, 

where vO1 is the volume of gas adsorbed expressed as cc. reduced to N.T.P., 
pl  is the equilibrium gas pressure, and v o  is the volurne per mole of adsorbate 
a t  N.T.P. Free energy per gram, F?. 

AFT, as given in Equation 6, is the change in free energy of pure adsorbent 
when changed from its initial state under its own vapor pressure to its com- 
bining state. Thus for a given mass of a particular solid and gas a t  a given 
temperature, AFz is usually a function of p1 alone and is uniquely determined 

by the observed value of the integral vldf i l  provided that the observed l' 
integral represents an integral along the path of thermodynamic reversibility 
correspolldir~g to mini~num free energies of the combined systems. AF, may 
be expressed in a number of more or less arbitrary ways. Thus we may suppose 
the solid of volume v ,  to be subjected to a change in hydrostatic pressure 
Ap,  or we may suppose that the solid of surface area 2' has undergone a change 
in surface tension, Ay, and thus write AF2 = f i , . A p ,  or AF? = %.AT according 
as me prefer to suppose that the change in potential of the solid is mainly due 
to a change in its volume free energy or in its surface free energy. Hence 
we may write, 

which is the equation commonly used (8, 9) in discussing these problems. 
If we now suppose that  f i , . A p ,  or 3 . a ~  refers not only to  the combining 

state of the pure adsorbent separately, but actually describes its condition 
exactly in the mixed system we can attempt to correlate the values of f i . A p ,  - 
and/or 2 .  A y  to the dimensional changes of the adsorbent-adsorbate system 
and to the elastic constants of the pure solid. Both A p ,  and A y  are measures 
of changes in states of stress and since the solid is allnost incompressible, its 
elastic constants will be much the same in the stressed and unstressed states. 
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Equations of the form of Equation 7 have been used with considerable 
success by a number of investigators (1, 2, 3, 4, 8, 9) to correlate dimensional 
changes, resulting from adsorption, with calculated "spreading pressures" 
and with the compressibilities of various adsorbent materials. Thus there 
appears to be some validity in the supposition that in these cases v,.Ap, 
or 5.A-y refers not only to the state of stress of the pure adsorbent separately 
but refers, as well, to its state in the mixed system. This supposition is equival- 
ent to the assunlption that the combined system consists of two pure sub- 
stances which exert mechanical or similar forces upon one anotherwhile 
each substance retains its original equation of state. In order to bring out 
more clearly the physical nature of this very important assumption, as well 
as to indicate something as to its plausibility and limitations, it seems worth 
while to look into the problem in a little more detail. 

In Equations 3 and 4, vl:! represents the total volume of the porous solid. 
This volume consists of the sum of the volumes of solid and void space, 
namely, the sum of the volumes v, and v,, respectively. 

I t  is, accordingly, convenient to rewrite Equation 4 in the for111 

where vl? = v, + v,, and pa is the pressure of the pure adsorbate in a volume 
v,. PC and v, represent the pressures and volume of the solid, respectively, 
and P1 is the pressure of the gas surrounding via, i.e., the equilibrium pressure 
and also the hydrostatic pressure of the combined s y s t e n ~ . ~  

Equation 8 is subject to the condition, 

Thus the volume v, is separated from vl b>- the potential energy difference 

p p .  

Equation 8 is valid for any type of equilibrium since the integrals on the 
left are more or less arbitrary expressio~ls of the free energy changes of the 
pure components from specified initial states. In the case of a two cornponelit 
che~nical compound or in the case of a two component solution, no very definite 
meaning can be given to  "v," and "v,", the volumes of the components in 
the compound or in the solution, while in the case of mechanical mixtures, these 
volumes are q~litedefinite. The assumption that the mixed system consists liter- 
ally in the mechanical combination of the two separate systems or assemblies of 
systems of pure substances without change of their volumes or their forms, pres- 
sures, entropies, or any of their properties except their positions with respect to 

=If  we prefer lo reznrd the solid i r a  i f s  in i t ia l  state as exislirrg wzder a condition of stress cor- 

respondin: lo, sny ,  PCr ,  we can add the i?,iegral z ~ , d p ,  to both sides of Eql~olron 8.  S :: : 
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one another, disti~iguishes this special case of "reaction" from the more general 
type of reaction where there are various heat and other effects accompanying the 
equilibrium conversion of the separate s)-stems into the combined system. In the 
latter more general type of reaction, neither of the separate systems can exist in a 
state or assembly of states in equilibrium with externally applied forces that shall 
be identical with their states in the conlbined system. In the special type of re- 
action which we are considering, the volume v, in the adsorbent is to be regarded 
as containing the same substance as the equilibrium gas, and the equilibrium 
conditions as between the adsorbate in v, and the gas in equilibrium therewith 
as  resembling the ecluilibriun~ conditions which persist between two volumes 
of gas a t  different heights in a gravitational field. While the potential difference 
separating the two volumes in the latter case is a constant and independent of 
the temperature and pressure and of the na t~ l re  of the gas, in the former 
case, although the potential difference between the volunles v, and vl  is con- 
s tant  during the transformation of the separate systems into the combined 
system, in general, this potential difference is dependent upon p l  and upon 
the temperature and upon the natures of the gas and solid. Under these con- 
ditions, in order that  an equilibrium exist a t  constant temperature as between 
the gas outside of v, and that within n,, as  we vary the pressure, p l ,  of the gas 
outside, we must have v,dp, = uldp l ,  hence, 

where p, is the mean density of the substance in v, and p l  is the density of the 
gas. 

If within the vol~ime v, the densities vary, the equation is still valid, p,  
representing the volumetric average pressure. Thus consider v,  made up of the 
sum of the small volumes v i ,  where in each elementary volume v ,  the density 
can be regarded as unifornl. Then for each small volume we may write 

where m i  is the mass of material in the constant elementary volumq v i  and 
mi/vi = p,i. Thus we obtain 

and hence, 

Since is inherently positive, the integral must be positive for increasing 
values of pl. Accordingly, along a path of thermod~~nanlic reversibility pa 
cannot becorne negative as  pl  increases. However, i f  a t  some point along the 

path of ~ ' v l d p l ,  a phase change occurs so tha t  a second path of reversible 
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variation6 intersects the path of increasing pressure a t  some point, say, 
p l l ,  then as the equilibrium pressure is reduced from P I 1 ,  the system may pass 
along the second path ancl p, will be given by, 

Thus p, may become negative if  the seconcl integral is larger than the first. 
For example, if  the volume, v,, is filled with liquid a t  pl' and the pressure is 
then reduced, the liquid may persist and the value of p a 1 / p l  exceeding p a / p 1 ,  

pa may become negative. 
Since the volumes v,, v,, and vl? are practically constant we can write 

Equation 8 in the form 
[121 va .pa  + v c . p c  = vI? .PI  = (v ,  + vc)P1. 
I f  the volumes v,  and v ,  are made up of regions under varying stresses, i t  is 
to be understood tha t  pa and p,  are volumetric averages, i.e., 

vaiPai + V c i P c i  = (vai + v c i ) P ~ l  

and 
C v a i P a i  + CvciPci  = ( v a  + vc )P l l  

hence, in Equation 12, 
P a  = C~aiPai/C~,i and P c  = CvciPc i /C . .~c ' .  

Thus we can write 
P c  = P I  + ( v a / v c ) P l  - ( n , i / ~ c ) P a ,  

and since 

*a = l ' p a / p l -  ~ P I  = ( ~ , / P I )  p i  = a p l .  

defining a, ancl putting v, /v ,  = +, we get the very simple basic equation 

Equation 13 gives the average voluinetric change in pressure or stress of the 
solid adsorbent from its state of stress where the adsorbable gas pressure is 
zero, to its state of stress when in equilibrium with the gas whose pressure 
is P I .  

6 1 1 1  general this second path of reversible variation i s  not one JOY which the free energy of the 
whole systenl i s  a ntinimztrn for given val7res of the potential of the adsorbate and given quantities 
of adsorbent. I f  the state of tlie systenz ' l izi~nps" fronz one of these paths to the other, the process 
i s  thermodynanzically irreversible. 

The  formation of surfaces of tension within a given voltcn7e, along a path where the eqztilibrit~ni 

presstire increases frovz zero, will., i7zgenera1, render observed values of r p i i d p l  a n  ixexacl 
J 0 

measzire of AF1. Once a sz~rface i s  formed, changes i n  the area and form of the surface ntay 68 

perfectly reversible. ihider  these conditions, d F I 1  i s  nzensirred by the observed values of r p " v l d p , ,  
*I P I  

and the presszre changes wit hi?^ tlze syste7~z containing the interface are g,hen by  

*pa  = fp1 ' r . /p I .dp l .  
P I  

IVhere hysteresis occzcrs, whether due to the mechaltism uszcally implied by the ternz "capillary 
condensatzon" or to such a n t e ~ h a n i s m  a s  proposed by  Pierce awd Smi /R  ( l l ) ,  or to a n y  other 
?nechanistir consistent zelztlz ozir basic ass?tlnplions, the above considerations areeqzcally applicable. 
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If we wish to correlate length changes with the changes in stress resulting 
from adsorption \ye introduce Hooke's Lan- and assuming isotropy, we car1 
write 

~ V / V  = 361/1 = - p6P 
where v is the volu~ne of the porous solid, 1 its length, (3 the co~npressibilit~., 
and p the uniform state of stress or pressure. If the pressures are not uniform 
along the length 1, we must write 
[I41 61/1 = - +fi C l i 6 p i / C l i  = - +p@ 
where 6p is the change in linear average state of stress. In general, the linear 
average stress of linear average pressure will differ by a more or less constant 
factor from the volun~etric average pressure unless the pressures are practically 
uniform. If the pressures on the solid adsorbent are uniform, we can write 
[I51 6ll l  = +P(l  + 4J - 4Ja)SP, 
where the symbols are as indicated previously. a is the mean value of p,/pl(i.e. 
the mean value of the number of volun~es adsorbed) averaged over the pressure 
interval Where the solid pressures are not constant, we must write 

[I61 6ljl = + p ( l  + $ K  - +Kor)6pl 
\vhere K is a small numerical factor dependent upon the structure of the 
porous solid and upon more detailed considerations which we shall discuss 
later with reference to particular models (cf. Appendix 11). In general, +K 
should be more or less independent of the nature of the adsorbate, but a 
characteristic of the structure of the adsorbent and the nature of the surface 
forces involved in adsorption; K may thus be regarded as a structure factor. 

If the porous rod is immersed in an incompressible liquid which fills the 
void space completely and the pressure of the surrounding liquid is increased 
by 6pl the value of or ~vill be unity over this pressure range and Equation 1G 
reduces to, 

61/1 = - 9 6 p 1 ,  

which should therefore apply approximately to the case where the rod is 
immersed in liquid water. For no adsorption, i e., or = 1 ,  the equation also 
reduces to the above simple form, as  of course it should. For large adsorptions, 
i.e., or >> 1,  the equation becomes, 
[lGal 61/1  = #4JKcrGpl = jP4JI(6pa, 

and hence 61/1 becomes proportional to p , / p l .  dP1, and wlzere the equili- 

brium gas is ideal, 61/1 is proportional to UO' d(10g P1)  and hence, where the 1' 
quantity adsorbed is conlparatively constant, 61/1 becomes proportional t o  
log pl1,ip1 over the interval pl t o  P I ' ,  as found by Amberg and McIntosh ( I ) .  

I t  is to be emphasized that Equation 16 is valid for any type8 of adsorption 
by any virtually incompressible solid provided that  the adsorbate (and hence 

?The calculalion of p ,  from isothertn dnta accordit~g to Eq~la t io?~  10 i s  very szntple. From the 
isotherm, valzies of p,/pL are calculated and plolled agaiml p l .  the eqziilibrizrn~ gas presszire. p, i s  
the area under the curve fronlO to p l .  It1 the cnre of hysteresis loops p,, i s  the differefzce of the arerrs 
under the curve from 0 lo pi' and the area zrlzder the czrrve p{ bark lo PI, preferably nlnng tlte 
"scanning czirve". 

a A n y  shape of adsorption isotl~ernz cat2 be consistenl will1 Eqztation 16. 
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FL.OOD A N D  H E Y D I N G :  ADSORBENT-ADSORBATE SYSTEMS 667 

also the  adsorbent) behaves as a single pure substance and also provided tha t  

no irreversible processes occur, i.e., provided vldpl does in fact measure 

AFl .  

CALCULATED AND OBSERVED EXTENSIONS 

As a test of the validity of these assun~ptions as  applied .to real systems, we 
have made use of some published d a t a  to  compare observed extensions with 
those calculated by means of Equation 16a. 

In  Figs. 1, 2, and 3 calculated extensions are compared with those obtained 
experimentally by Haines and McIntosh (8) for activated carbon rods. T h e  
numerical value of /3K is chosen to malte the equation fit the observed result 
for saturated water vapor. The  same value of /3K is used for dimethyl ether 
and for ethyl chloride. I t  will be noted that /3K is somewhat greater than the 
con~pressibility of graphite. In  Fig. 4 calculated values are compared with 
those obtained experimentally by Wiig and Juhola (12) for a long column of 
short carbon rods placed end to end, while in Fig. 5 calculated extensions are 
compared with the precise extension measurements of Amberg and McIntosh 
(1) using porous glass rods, the value of /3K again being talten so as to fit the 
extension a t  saturation. Evidently Equation 16a fits these da ta  a s  well a s  
could be expected since (a)  none of the  samples were known to  be isotropic; 
(b) in the da ta  of Haines and McIntosh the adsorption isotherm for wat,er 
refers to a different sample from that  used t o  measure extensions, (c) in Wiig 
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FIG. 1. Adsorption extension: Water vapor on carbon (data of McIntosh and Haines). 
Broken line drawn through experimental points. 0, Adsorption; X ,  Desorption. Solid line 
calci~lated from: 8/11 = f -j;P+Kapl = 3.43 .10-7.apl.(/3K = 4.76 .10-7/p.s.i.; + = 2.16.) 
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PRESSURE, MM. MERCURY 

FIG. 2. Adsorption extension: Dimethyl ether on carbon (data of LlcIntosh and Haines). 
Broken line drawn through experimental points. Solid line calculated from: 62/6 = 3.43. 
lo-' .aP,. 

PRESSURE,MM. MERCURY 

FIG. 3. Adsorption extension: Ethyl chlcride on carbon. (data of hlcIntosh and Haines). 
Broken line drawn through experimental points. Solid line calculated from 61/1 =-3.43-  
lo-' .aP1. 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

RELATIVE HUMlOlTY 

FIG. 4. Adsorption extension: Water vapor on carbon (data of Wiig and Juhola). Broken 
line drawn through experimental points. 0, Adsorption, X ,  Desorption. Solid line calculated 
from: 61/1 = + +PK+apl = 3.40 .aPh (PK = 6.54.10-'/p.s.i.; + = 1.60.) 

PRESSURE,MM. MERCURY 

FIG. 5 .  Adsorption extension: Water vapor on porous glass (data of Amberg and McIntosh). 
Broken line drawn through experimental points. 0, Adsorption; X ,  Desorption. Solid line 
calculated from: 61/1 = + @+Kapl = 3.69 .lO-'.apl. (PK = 5.76 .10-7/p.s.i.; + = 1.92.) 
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and Juhola's experiments there was some lack of reproc1ucibilit)- of the data, 
and finally, (d) because of the high surface tension of liquid water, irreversible 

P I  

processes are apt to occur within the adsorbent and consequently s pa/pl .  dpl 
0 

is apt to give an inaccurate measure of p,. 
As an additional check on the validity of Equation 16 we have made soille 

n~easuren~ents of the extensions in length of a long thin activated carbon rod, 
when exposed to various pressures of helium, nitrogen, water vapor, and 
liquid water a t  room temperature. Measurements of radial extensions of the 
same rod when exposed to  water vapor have also been made. Relevant ad- 
sorption isotherins were determined and the values of @ and + and K deter- 
mined from the data. 

In general terms, the results obtained may be suminarized as follows: 
(i) No appreciable change in length of the rod could be detected as between 

its length when in equilibriiim with water vapor very close to  the satiiration 
pressure and when immersed in liquid water. 

(ii) When immersed in liquid water the length decreases with increasing 
pressure of the surrounding water. The mean compressibility (0-2000 p.s.i.) 
in liquid water is close to that of pure graphite (5) but shows a tendency to 
increase with increasing pressure. If liquid water does not f i l l  the void space 
completely, the value of or will tend to increase as a result of forcing water 
into empty spaces, thus reducing the apparent compressibility. Further, since 
water is slightly compressible, the compressibility decreasing with increasing 
pressure, a will approach unity more closely the higher the pressure. Thus in 
both of these cases the apparent compressibilit)7 should increase with increasing 
pressure. Evidently the observed behavior is consistent with Equation 16. 

(iii) In the case of helium, the length also decreases with increasing pressure 
up to 1600 p.s.i. However, the apparent mean compressibility is considerably 
less than that of graphite (about one half) suggesting some adsorption of 
helium (5-1070) and/or adsorption of traces of water vapor from the helium. 
The accuracy of the measurements was not sufficient to  make any reliable 
estimate of the helium adsorption. 

(iv) In the case of nitrogen, the rod increases in length as the pressure of 
the nitrogen is increased from 0 to 1600 p.s.i. The increases in length can be 
calculated with surprising accuracy by Equation 16, making use of the ad- 
sorption isotherm data. Even i f  K is taken as unity in Equation 16 and the 
apparent value of P taken from the extension of the rod in saturated water 
vapor the calculatecl extension in nitrogen a t  1600 p.s.i. is within 10Yo of 
the observed value. I t  will be noted that in these two cases the numerical 
values of or are very different, being of the order of 3 for nitrogen and of the 
order of lo4 in the case of saturated water vapor. 

(v) When exposed to water vapor a t  low relative humidities, the rod 
contracts slightly ( N  0.03%), the contraction increasing with increasing 
pressure up to 10 to 11 mm. Hg, and subsequently expands considerably. 
The extension (0.36%) a t  saturation (23.65 mm. Hg) although agreeing 
fairly well with calculated values is too large to be quite consistent with those 
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FLOOD AA;D HEYDIA'G: ADSORBEhTT-ADSORBA T E  SYSTEMS 671 

obtained with nitrogen. The desorption behavior is practically identical with 
the adsorption behavior. (These carbon rods show comparatively little ad- 
sorption hysteresis.) Changes in diaineters of the rod due to water vapor 
adsorption were found to be essentially similar to the changes in length.g 

Details concerning experimental methods and materials are given in Ap- 
pendix I ,  the experimental results being recorded in Figs. G to 9. 

Evidently, Equation 16 describes the general extension behavior of the 
carbon rod very well but fails to describe the extensions when the carbon 
rods are exposed to water vapor a t  low relative humidities (cf. Wiig and 
Juhola's data). While this failure may be due to the system behaving as a 
two-component system or to rather bizarre struct~lral effects, we believe that 
the failure of Equation 16 in this region is due to the irreversible formation 
of liquid-vapor menisci. While adsorption a t  a few isolated regions might 
easily give rise to a contraction in one direction and to expansions in directio~ls 
perpendicular thereto, the net effect of the surface forces still corresponding 
to a net con~pression of adsorbate and extension of adsorbent, a net compression 
of adsorbate can hardly be consistent with contractions in both the length 
and diameter of the rod, i.e., i t  seems unlikely that non-isotropic solid tensions 
will give rise to contractions of the rod along its three principal axes. The 
contractions, when the rods are exposed to low relative humidities of water 
vapor, are thus considered to be due to the adsorbate having a net negative 
pressure-a condition consistent with reversible desorption paths only,  i.e., 
paths involving some reduction in equilibrium pressure. Thus we believe that 
in these cases the isotherm of thermodynamic reversibility, the true measure 

of A F1 and of l ' p . / p l  .dpi, lies to the right of the observed isotherm 

(i.e. the isotherm ordinate, x/m,  should be smaller for given equilib-' llun-l 
pressures). 

Assuming the compressibility of the rod to be practically the same as that 
of graphite ( 5 ) ,  i.e., taking 3.3 X 10-7/p.s.i. as the value of P ,  and assuming 
4.8 as the axial value of +K, all of our data are reasonably self-consistent as 
well as being consistent with what is to be expected in such cases. The  cal- 
culated axial extensions in the cases of nitrogen, liquid water, and water 
vapor, Figs. 8 and 9, are based on these values of P and +K (cf. Appendix 11). 

DISCUSSION 

Evidently the view that the adsorbate may be regarded as the same sub- 
stance as the pure gas which it adsorbs is qualitatively in agreement with the 
facts in these cases. However, there are undoubtedly many other cases of 
"adsorption" where real bonds are formed between adsorgent and adsorbate 
and where a considerable fraction of the molecules of the adsorbed material 
are in energy states that are not attainable by molecules of either the adsorbate 
or adsorbent alone. Such a situation might be expected in the case of the 
highly specific catalytic activity of many adsorbing catalysts. However, 

91n vit& of these small initial contractiotrs, the extension behavior of the rod on exposure to 
nitrogen was reexamined wi th  considerable care especially i n  the low pressure region. No con- 
tractions cofrld be detected. 
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if the bonds of the adsorbent are very strong, the residual orbital fields and 
any Van der \Vaals or Lennarcl-Jones type forces might have little specific 
character and the resultant field within a narrow capillary space behave as all 
almost wholly nonquantized attractive force field of considerable range. 
In such a case any work done by the field would cause a change in the state 
of stress of the material tha t  could be very closely paralleled by the application 
of external forces. However, if the surface is very large it seems very improb- 
able that  no regions are formed where the s ta te  of the adsorbate-adsorbent 
system is essentially a two-component system. The  known effects of various 
adsorbates on the formation of surface con~plexes indicate that  in activated 
charcoals there are undoubtedly regions which cannot be identical thermo- 
dynamically with two separate components in any pure state. However, 
in general, where large adsorptions occur in fine-grained rigid porous adsorbents 
there is a good deal of evidence that  indicates that  by far the larger part  of 
the adsorbate may be regarded as a single substance. Thermodynamically, 
a clear distinction between chemisorption and p'hysical adsorption can be 
made, if by physical adsorption we restrict the adsorption reactions to those 
where assemblies of the separate systems of adsorbate and adsorbent can each 
exist separately in equilibrium with externally applied forces in states which 
are identical thermodynamically with their states in the adsorbate-adsorbent 
system. 

APPENDIX I-EXPERIMENTAL DETAILS 
1. Materials 

Activated Carbon Rods 
Except where noted, all of the experiments were carried out with Carbon 

Rod No. 1. This rod was nearly straight, 88 mm. in length, and 1.78 111111. in 
diameter. Apparent (mercury) density, 0.753; helium density, 2.00; total 
void volume per cc., 0.623; micropore void volulne (H20 adsorption) per cc., 
0.302; carbon volume per cc., 0.377. 

The  carbon rod used was one taken from a group of long straight rods 
supplied through the courtesy of the National Carbon Company. The rods 
are believed to have been made by extruding a zinc chloride - wood meal 
plastic mix to  which had been added activated coconut shell charcoal fines. 
After extrusion and baking, these rods were remarkably straight but during 
the subsequent activation ( 900°C.) considerable distortion occurred. 
However, a number of reasonably straight rods were selected for this work. 
Although the properties of the rods were similar, isotherms of the individual 
rods studied were all somewhat different. Water isotherms showed corn-- 
paratively little hysteresis. The adsorption behavior of these rods differed 
considerably from the behavior of zinc chloride activated carbons with which 
we are familiar. 

Helium 
An especially pure commercial hydrogen-free helium was used (Air Re- 

duction Sales Ltd.; 99.99f yo He). The helium was taken from a cylinder 
found satisfactory for use in a helium cryostat after passage through a liquid- 
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FLOOD .4ND HEYDING: ADSORRE.VZ'ADSDRB.TE Sk-STEJIS 673 

air-cooled charcoal trap. The helium was dried in our experiments by passage 
over solid I<OH contained in a suitable high pressure vessel. 

Nitrogen 
Highest grade obtainable commercially (Dominion Oxygen Co., 99.7$%; 

< .O3% 02). The nitrogen was passed over ICOH as in the case of helium. 

2. Experimental Procedures and Methods 
Water adsorption isotherms were determined by the McBain technique. 

Vessels containing the quartz spirals, n~anometers, etc. were all immersed 
in a large oil thermostatic bath maintained at'about 25"C., but constant to  
within =t0.00l0C. within short time intervals and probably to within 
&O.l°C. during the eight month period of all of the experiments reported 
herein. Water vapor a t  controlled pressures was introduced into the adsorp- 
tion apparatus by evaporation from a thoroughly outgassed water reservoir 
immersed in a second thermostatic bath.1° 

Nitrogen adsorption a t  high pressures was determined by expanding the 
gas a t  various pressures from a small high pressure capillary into a large 
volume attached to the vacuum system. The  volumes were known and by 
comparison of the pressure relations between expansions with the carbon rod 
present and those with the rods absent, the "apparent" increase in volume 
of the capillary due to the presence of adsorbing carbon could be calculated for 
the various pressures. (Estimated error a t  higher pressures 5%, lower pres- 
sures 107o). At low pressures (down to 3 X mm. Hg) expansions were 
made into a small capillary containing the active carbon on a different vacuum 
system. (Estimated error a t  pressures below 0.1 mm. Hg, about 20y0.) In the 
case of helium similar measurements were made but the experimental errors 
were too large to  give even qualitatively reliable adsorption data. The carbon 
rod helium density of 2.00 quoted above is that obtained a t  pressures of about 
half an atmosphere and not being corrected for helium adsorption is perhaps 
5-IOYo too low. 

Length Changes 
The carbon rod was placed in a horizontal, heavy walled, large bore, pyrex 

capillary which was connected through a short length of high pressure steel 
tubing to a three way high pressure steel valve. The capillary could be opened 
to  the high vacuum system and also to  either a hydraulic high pressure oil 
pump and mercury separator, or to a cylinder containing gases a t  fairly 
high pressures. 

The capillary containing the carbon rod (the ends of the rod were filed 
flat) was itself contained within a glass tube through which oil from the 
thermostat was circulated. 

Length changes were observed by means of a travelling microscope. Repro- 
ducibility of i~~dividual length measurements was usually within =t2 X 

IOTlre isolherni a s  plotted in Fig. 7 i s  based on Ilie carbon weighl obtained afler a four day euacua- 
tl07l period followi7rg the water vapor eqz~ilibrations. Th is  weight 700s less than the initial evacrcated 
weight. Tlre loss in weight i s  considered lo be due to loss of rhe~trzsorbed or otlier nzaterial. The  
ualzies of x/?n used i n  the calcz4lations were reduced by 0.014. 
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mm. while reproducibility of length changes for various pressures was 11erhaps 
within 5 X mm. Reproducibility of length measurenients of tlie rod in 
vacuum on disnlantling and reassembling the apparatus was f 3  X 10-kmnl. 

I t  is considered that larger values of 61/1 are \vithin f 5y0; sinall values, 
for example maximum contraction, within f 20y0. 

Radial extensions were measured by means of a sinall winding device with 
which it was possible to observe the change in height of a small weight which 
was raised by winding a fine supporting wire on the carbon rod. Reproduci- 
bility in linear lift per 100 turns mas usually within the reproducibility of the 
cathetometer, i.e., f 0.05 mm., the total lift being of tlie order of 600 mm. 
The winding device was contained within a long vacuum tight glass tube 
which was surrounded with circulating thermostatic oil pumped from the 
large thermostat (25°C.). I t  may bc remarked that considerable trouble was 
encountered owing to breakage of the bare one mil copper wire. The  wire was 
tested for elastic deformation, elastic fatigue, etc., by making trial runs of 
200 "winds" of 100 turns each in a number of ways arhicli were more a p t  to 
cause breakage (e.g. larger weight, pulling wire over iron and glass rods, etc.). 
However, the trials were not made in vacuum. I t  was found that protection of 
the wire and winding apparatus from Hg vapor by means of a trap containing 
indium metal (liquid air cooled on evacuation) considerably prolonged the life 
of the wire. However, as  a result of the frequent breakage of the wire, values 
of 61/1 corresponding to various changes in water vapor pressures as given 
in Fig. 9 do not represent a continuous series of extensions ~ 6 t h  a given 
setting. Considerable care was taken in the examination of the minimum and 
it is considered that it is real, the very small contraction being reliable perhaps 
within f 50%. The  extension a t  saturation is thought to be reliable within 
f 20%. The winding apparatus is shown diagrammatically in the following 
sketch. 

WINDING DEVICE 
MOUNTED IN THERMOSTATIC 

JACKETED VACUUM TUBE 

5. 

I. WINDING HANDLE 
2. REVOLUTION COUNTER 
3. TO VACUUM SYSTEM 
4. FLEXIBLE COUPLING 
5. OUTLET FOR THERMO- 

STATIC FLUID 
6. CARBON ROO I N  WINDING 

DEVICE 
7. WIRE SUPPORTED WEIGHT 

8 POINTER 
8. INLET FOR THERMOSTATIC 

FLUID 

WINDING DEVICE 

SETTING DRUM 8 
POINTER 

CHUCK FOR HOLDING 
ROD 

IRE WOUND ON ROD 

WEL BEARING WlRE 
FEED GUIDE 

I MIL. COPPER WlRE 

SPRING CENTERING 
CHUCK 
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PRESSURE, P.S.I. 

FIG. 6. Adsorption isotherm: Nitrogen on carbon rod No. 1 (25°C.). Ordinate. 
apparent void volume 

a = = ' -. Abscissa, nitrogen pressure. 
void volume 

FIG. 7. Adsorption-desorption isotherm: Water vapor on carbon rod No. l(25"C.). Ordinate, 
weight of water adsorbed per gram carbon. Abscissa, water vapor pressure. (Cf. footnote 10) 
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FIG. S. Adsorption extension: Carbon rod No. 1 (25°C.); A, nitrogeli; B, liquid water. 
Broken line drawn through experimental points; 0, adsorption; X, desorption. Solid line 
calculated from: b l / l  = &9(1 + CK - $Ka)pl, /3 = 3.3 -10-7/p.s.i.; K = 2.91; $ = 1.65. 

FIG. 9. Adsorption extension: Water vapor on carbon rod No. 1 (25°C.); A, axial exten- 
sions; B, radial. Broken line drawn through experimental points. Solid line calculated, Axial 
A, as for Fig. 8. Radial B, as  for Fig. 8, but R = 2.23. 
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APPENDIX II-MODEL PORE SYSTEiVIS 

The influence of pore shapes on the extensions of solids for given values 
of the changes of volunletric mean pressures, i.e., the relation of linear average 
pressures to volumetric average pressures, is, perhaps, best illustrated by  
reference t o  particular models. 

Consider a thin section of a porous solid. Let the section have a thickness 
l i  and an area A i  consisting of the sum of the areas a ,  and ci. The area a i  
represents the area of holes filled with fluid while the area ci represents solid 
material. Let Fi be the total force acting normally on the area A i  so that  the 
corresponding pressure Pi = F i / A i .  Let Fa, and F,,. be the forces acting on 
the areas a i  and ci  respectively, the corresponding pressures being pa; = 

Fa,/ai and pci  = F,,./ci. Then we have F i  = Fa;+ Fcir  and A iPi = aipai+cipcir 
and summing over all the sections, 

C l i A  iPi = C liaipa, C licipa;, 
hence, 

VP = ~ a P a  + vcpci 

where C l i A i  = C v i  = v and C v i P i  = v P  and pa and pc are similarly 
defined volumetric averages. 

Let us now assume that  the fluid-filled areas (i.e., the holes in the porous 
solid) are of two distinctly different kinds: (I) a number of small holes where 
the influence of the attractive forces is relatively large and where the pressures 
of the fluid differ from the hydrostatic pressure of the whole system, and (2)  
a smaller number of large holes where the effect of the attractive forces is 
small and the pressures are the same as  tha t  of the hydrostatic envelope. 
Thus we write 

Ai = a l i + a r i  

where A i  is subject to a net hydrostatic pressure P independent of l i ,  while 
the area a l i  is subject t o  the pressure P + pa,,. ,  the area to  the pressure P, 
and the solid area ci  t o  the pressure p,; = P + PC,'. Then balancing forces 
in each section and summing over all of the sections li we get 

P C l i A i  = P C lial i  + C lialip,,; + 2' C l i a ~ i  + P C lici + C licipci', 
hence, 

cipci' = - alipa,; 
and 

va,PaA = va (Pa PI- 

In order t o  introduce these relations into the con~pressibility formula 
61/l = - 5P C liPci/ C l i ,  

we must know a good deal about the actual structure of the material as  well 
as  something concerning the relations between fluid and solid stresses. If, for 
example, we assume that  the hydrostatic pressure of the fluid within a micro- 
pore is uniform, so thaf the force per unit area within a given pore is the same 
in all directions, it implies that  the corresponding equilibrium stresses in the  
walls of long thin capillaries are different in different directions. On the other 
hand, if we assume that  the tensions in the solicl surface are everywhere the 
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same, the hydrostatic pressure of the fluid in equilibrium ~vith these te~lsiolls 
will differ in different directions. In the case of a con~paratively very large 
capillary filled with liquid having concave menisci a t  its ends the bulk of the 
liquid will be under an almost uniform hydrostatic pressure, but the axial 
stress on the capillary wall will be considerably less than the radial stress. 
If, on the other hand, the change of the surface stress of the solid is assunled 
uniform, the corresponding change in axial and radial mean pressures of the 
fluid will not be the same. The former is a condition analogous to "capillary 
condensation" in large pores, the latter a condition describing adsorption in 
layers on a macroscopically uniform surface. 

In addition to assumptions concerning the nature of the stresses, it is 
necessary to construct some sort of representative model pore system. For 
this purpose we assume that the porous body can be described as an assembly 
of rectangular or cubical cells of various sizes where the dimensions of the 
void space in each cell have constant relations to the cell dimensions. And we 
assume ( a )  that  the fluid pressure paxi is constant everywhere within the void 
space of the cell, i.e., independent of l i  and independent of the cell dimensions, 
or we assume (b )  that cipci' = where X i  is the common perimeter of the 
areas a l i  and ci ,  and where 7 is the change in surface tension and is independent 
of l i  and independent of the cell dimensions. The latter assumption seems 
much more plausible generally as  applied to active adsorbents, altl~ough as we 
have pointed out, for relatively large pores all of which were liquid filled and 
separated from vapor by menisci of constant curvature the former might be a 
fair approximation. 

With these assumptions, we obtain for the two cases: 
( a )  P c i  = P - (a~iPa, , . /ci) ,  

... C C l i  = P - pal [ (  C liali /ci) /  C l i ]  
= P - (va!ZJal) ( P a  - PI[ C lial i /ci) /  C Li] ,  

which with the compressibility relation leads to 
Pal 61/1 = - + P ( l  + +k', - +Kpcu)6P 
where 6p, = a6P, + = va/vc, 
and Kp = (ZJc/vf l , )[(  C lial i /ci) /  C lily 

and a is defined by pa = dp = ap. 1' 
(b)  P C ;  = P + ~ X i l c i ,  

... C liPci/ C l i  = I' + Y [ (  C liXi/ci) /  C J i  

and 

where 
K y  = * J C .  [ (  C l i X i / ~ i ) /  C liXI. C l i] .  

In both cases when ci  is constant, i.e., independent of l i ,  K p  = Icy = I. 
Thus K, and I(, measure the ratios of the linear average pressures to the 
volumetric average pressures. 

I t  will be noted that these formulae are dependent wholly on the relati011 
of the micropore and solid structures and are independent of the macropore 
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structure. If we are iilterested in relating these extensions to extensions 
produced by the application of a force of tension to  the whole system, as in 
measurements of Young's modulus, we must include both the macropore and 
the micropore structures in determining C lipci/ C li. I t  is further to be 
noted that if we suppose that the porous body can be described as an assembly 
of rectangular or cubical cells of various sizes where the void space in each 
cell has a constant shape, the extensions are independent of the distribution 
of cell sizes but dependent only on the elastic behavior of the individual cell. 
The "average shaped cells" are inore or less arbitrary representations of 
structural irregularities. We shall suppose the cells orientated so that the 
faces of the cells are parallel to the principal planes of stress. I t  will be noted 
that whatever the state of stress of a body, there will always exist three 
mutually perpendicular planes for which the tangential stress-components 
are zero; the stresses acting normally on these principal planes of stress 
behave essentially as pressures. 

To illustrate the influence of cell shape on numerical values of I& and K, 
we will consider two rather different model cells. The first inodel will be 
representative of a system of nonintersecting straight capillaries running 
through the specimen as  shown in the following figure. 

The capillaries are assumed square in cross section and of area x2LY The 
cell has the dimensions yL . yL . L (providing for lack of isotropy). Taking the 
axial length as L,  the dimensions as  function of l i  are 
ll = Lx X1 = L(4x + 231) a l  = L2(s?  + xy) c1 = L2(y? - x2 - xy) 
l2 = L ( l  - 2s) X2 = L4m a ?  = L2x2 c2 = L2(y2 - x2) 
l3 = Lx X 3  = L(4.v + 2y) a 3  = L?(x2 + xy) c3 = L2(y2 - x2 - xy) 

The values of x and y are limited by the following: Volume of void space 
(micropore) = L3x2(l + 2y). Volume of solid plus volume of micropore, 
i.e., the cell volume, = L3y2. (The cell structure is representative of the 
structure of the material surrounding the macropore space.) Hence, in the 
case of our carbon rods, x2(1 + 2y)/y2 = 0.445. Assuilling the inost unsym- 
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nletrical arrangement consistent with the model, i.e., taking .v = 0.5, then 
y = 1.5, and 

+K,(axial) = 1.65, K, = 1, 
+K,(axial) = 1.65, K, = 1. 

The corresponcling expressions for radial extensions are: 
+K, = 2.20, K, = 1.33, 
+K, = 2.03, K, = 1.23. 

The values for capillaries of circular cross section are essentially similar." 
X-ray diffraction studies indicate that the micropore systenl of activated 

carbon is a box-like struct~ire formed from imperfect graphite-like platelets 
(6), the micropore void space constituting about one half of the void structure. 
The tensile strength of impervious graphite (Karbate) as given in the hand- 
books is about 2500 p.s.i. ~vhile the tensile strength of our san~ples is of the 
order of 400 p.s.i. The macropore system of many active carbons are fairly 
regular interstitial structures (our rods before activation have a tensile 
strength of - 1000 p.s.i.). Thus it would appear that there should be areas 
along the axis where the lnicropore void space is about 80% of the nlicropore- 
solid system. The following model is representative of such a system. 

For the model, taking x = 0.395 and y = 0.90, we get, 
A axis, +KA = 9.34, K, = 5.66, 
B axis, +KA = 1.42, K, = 0.860. 

We may suppose the structure made up of filaments of cells of this type, a 

" I t  may  be remarked tkat i ~ z  tke case of a cubical cell ( y  = I ) ,  tke elongatiox, dzte to a single 
capillary (sq~tare cross section x2LZ) parallel to the axes of elongation, varies from 1 / 2  to 1 / S  of 
tlmt due to two similar capillaries whose axes are perpe~rdicular to the elo7rgation, i.e., K, i n  tke 
forrner case i s  1 / 2 ( 1  + r )  times the valzre of A', i n  the latter case. 
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fraction of them arranged so that the A axes of the cells are parallel to the 
filament axes and the remainder of the cells arranged so that  the  B axes of 
the cells are parallel to the axes of the filament. Taking the fraction, 0.427, 
arranged so tha t  the A axis of the cell is parallel to  the axes of the filaments, 
we get 

I<, (axial) = 2.91, 
K, (radial) = 2.23. 

T h e  plots of calculatecl extensions shown in Figs. 8 and 9 are based on these 
values of K , . l T l ~ u s  the nlodel micropore system is reasonably consistent with 
the strength of the  material, its elastic properties and, in addition, consists of a 
box-like structure such as  might be formed from graphite platelets. Of course, 
a great many alternative models can be devised tha t  will describe the behavior 
of the rods, but these models are not by any means entirely arbitrary.13 

I t  must be pointed out tha t  i f  the shape of the average pore is not statistic- 
ally independent of the surface free energy of the  solid enclosing the average 
micropore, then K will become a function of $1 and will probably vary with the  
nature of the  adsorbable gas. Further, since the compressibility is not a true 
constant, but  is ~~nsyrnmetrical with respect to  large compressions and expan- 
sions, Equation 16 must be regarded as  an approxinlate representation of a 
more general formula which we may represent empirically as  follows: 

and - 
6pc = (1 + +K[1 +f(P) l  - +K[1 + f(P)lal6P1. 

While we might expect that  in most cases f (p)  will be practicallj~ zero, the  
lack of constancy of the  compressibility will not be negligible in cases where 
adsorption is large and the corresponding changes in states of stress of the  
solid are large. In the case of graphite the colnpressibility a t  5000 p.s.i. is 
about 2% less than its compressibility a t  zero pressure ( 5 ) .  If activated carbon 
can be regarded as consisting essentially of graphite under stress, the stresses 
being largely removed when the rods are immersed in liquid water, the  pure 
active carbon must be regarded as graphite under a compressive stress in- 
tensity of more than 5000 p.s.i., this large stress practically vanishing on 
immersion in liquid water. 

I t  is important to note tha t  the frequency distribution of cell sizes does not 
influence the values of 61/1 appreciably. This  is in marked contrast to the  
influence of the frequency distribution of cell sizes on surface areas and 
permeabilities. These latter properties are dominated by the frequency dis- 
tribution of cell sizes. While the  elastic properties are alnlost wholly dependent 

12+ = total void volzrnte/volz~nte of carboll = 1.65 for this parliczllar carbon. + i s  inde&ende?zt 
of the ?nodel. 

131t will  be noted that the above treatine7zt of the dis lr ib~l t io?~ of stress i n  the particzrlar 7nodels 
assumes that stress contozlrs i n  each sectio7z can be treated independently. Th i s  assz~7rzption ignores 
sheari?zg and other distortio?zal stresses and i s ,  of course, a crude approx-imatio?~. Horuever, i n  
the case of fine-grained isotropic porous material ruhere deformabions are very snzall, the ?nean 
stresses obtained by the above method will  differ very little frorn those obtained by  the much more 
laboriozls but nzore rigorous 771ethods of the classical theories of elasticity. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



682 CANADIAN JOURNAL OF CHEdlISTRY.  I.OL. 32 

on the shape of the average micropore, the surface areas and permeabilities 
are almost entirely dependent on the ratios of the various statistical moments 
of the pore diameters, i.e., on the relative values of the mean pore diameter, 
the mean square, the mean cube, and the Illean fourth ponrer of the pore 
diameters. Thus adsorptio~i-extension ~neasureinents can provide information 
concerning rnicropore structure tha t  cannot be obtained directly fro111 almost 
any other simple measurement, nearly all of the more readily measurable 
properties of active adsorbents being strongly dependent on frequency dis- 
tributions of pore diameters. Adsorption-extension ~neasure~nents  and 
measurements of micropore permeability co~nbined with B.E.T. surface area 
measurements and the results of X-ray diffraction studies should provide 
sufficient information from which t o  construct model micropore systems that  
are reasonably reliable representatiolls of the real structure of some of these 
co~ilplex systems. 
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THE SPECTRA OF SATURATED AND a-/3 UNSATURATED 
SIX-MEMBERED LACTAMS' 

ABSTRACT 

The ~~ltraviolet and infrared spectra of some saturated and ur~satr~rated six- 
membered lactarns are described, and the unusual features in the 3p and Gp 
regions discussed. A corllparison is made of these spectra with those previor~sly 
ascribed to a-p ~ ~ n s a t ~ ~ r a t e d  lactams. 

On the basis of ultraviolet and infrared spectra, a-P unsaturated lactam 
structures have been assigned t o  products of Beckmann rearrangement of 
unsaturated oximes (8, 14) and to  the  alkaloid bakankosine (I). In  addition 
a n  a-P unsaturated lactam structure has been considered for one of the trans- 
formation products of lycoctonine (5). I t  thus  became of interest to  examine 
the spectra of authentic a-/3 unsaturated lactams for comparison with those 
of ithe above compounds. 
G-Methyl-5,6-dihydr0-2-pyridone (I)  and 1,6-dimethyl-5,G-dihydro-2-p~rri- 

done (11) were prepared b y  a method similar t o  tha t  of Fischer and Schlot- 
terbeck (7). T h e  preparation and characterization of the latter is outlined 
below. 

H 
Sorbic CHINH, 
acid H/\H 

C H I  fi\N/- 1-0 

CHa 

I I 

I 1<h1110~ 

COOH 
HI H.? 

LiAlH, 
I 

H~AH.. CH, COOH + CHI 110 I I 
H\~"- CI-IJCH\ /CO 

CHJ 
N 

CHJ CH3 

Oxalic acid 

ld fanz~script  received March 2, 1054. 
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Since h~c l ro l~s i s  of the oxidation product from the unsaturatecl lactam gave 
o d i c  acid i n  75% yield, the lactam contained a t  least this percentage of the 
a-P unsaturated i ~ o m e r . ~  

The 1,2-dimethyl piperidine gave a picrate analyzing correctly, aild 
melting a t  242" (the literature gives 241" (12)). 

The ultraviolet spectra of the various compounds which have been assigned 
a-P unsaturated lactam structures are recorded in Table I. Our observations 
with 6-n~ethyl-5,6-dihyclro-2-pyridone contrast with the broad band (236- 
251 mp) or series of maxima recorded by Linstead and co-workers (6). The 
positions of the maxima of all the compounds are similar, occurring a t  muc11 
longer wave lengths than for acyclic a-fl unsaturated amides (2). As an example 
of the latter we have examined N-croton~~lpiperidine,~ and find it  to have 
only a shoulder around 235 mp. 

The intensity of the maxima of the two six-membered a-P unsaturated 
lactams is considerably lower than those recorded for the seven-membered 
analogues and the bakankosine derivatives. Indeed, the spectra of the com- 
pounds related to bakankosine are more like those of a-0 unsaturated ketones 
except that no long wave length (300-330 nip) maxima are recorded. 

The "iso" compounds derived from the periodate cleavage products of 
lycoctonine (5) have A,,, 219 mp, 20 mp lower than the simple a-P unsaturated 
lactams which have been studied. This raises doubt as to the unsaturated 
lactam postulate. 

The origin of the bands in the 3p and 6p regions in the infrared spectra 
of amides has been the subject of considerable controversy (9, 15, 16). The 

TABLE I 
ULTRAVIOLET SPECTRA IN ETHANOL 

Compound A,,, in m p  emax Reference 
- - 

Bakankosine derivatives 236-242 12,000-18,000 1 
3,5,5-Trimethyl-7-aminc-2-heptenoic acid lactam 237 7,320 

- 
14 

3,5-Dimethyl-7-amino-2-heptenoic acid lactam 241 8 
6-Methyl-5,G-dihydro-2-pyridone 241 1,470 
l,G-Dimethyl-5,6-dihydr0-2-pyrido11e 251 1,120 

strong band in the 6p region observed with aliphatic amides has been associated 
with the C = O  stretching vibration (9,13,15). SaturatedN-alkyl six-membered 
lactams have a strong band near 1640 cm.-I when in carbon disulphide 
solution or in the liquid or solid state (mull). This band is displaced to near 
1625 cm.-I in chloroform solution (Table 11). The peak is often asymmetric 
but in the simple compounds so far exanlined no second band has been clearly 
resolved. In contrast to these the spectrum of N-crotonylpiperidine has two 
bands, and the spectra of the two a-fi unsaturated lactains have three bands 

3Tlte equilibrizrln between acyclic cr-0 and P-y ~[tzsatnrated acids and esters at moderate tempera- 
tures lies otier 65% on the a-0 side ( 2 1 ) .  Tlze position of the eq~rilibriz~tn i n  the above dilzydro- 
pyridone seems the same at 230' as at room tetnperafzire, since no change i n  ern,, was observed wlten 
I was left at room teltzperatzlre i n  2 N alkali for s ix  lzours. 

4 T l ~ e  authors are indebted to Dr. F. A. L. Anet  for a sample of this amide. 
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IIV I 1  

FIG. 1. Infrared spectra of: 1. G-methyl-5,G-dihpdro-2-pyrido11e (chloroform), 2. 
dimethyl-5,G-dihydro-2-pyrido1ie (liquid), 3. 1,6-dimethyl-5,6-dihydr~-2-pyrido11e (chloroform), 
4. N-crotonylpiperidi~ie (liquid), 5. 1,6-din1ethyl-2-piperidone (liquid). The backgroui~d trace 
ill 1 and 3 is that  obtained when both cells were lilled with pure chloroform. 

in the 1600-1700 cln.-I region (Fig. 1). No bands occur in the 1500-1600 
em.-' region in the saturated or ~rnsaturated lactarns. 

The C = C and C =O stretching bands in the a-b unsaturated amides would be 
expected to lie in the 1610-lG30 cm.-I region since corljugation usi~ally shifts 

T h i s  page has brc~r  r t p r ~ ~ r l e d  lo ~r~c l z lde  lhe corrcclion pointed ozct In the Errata  that apperrr rrt 
the end of tlre nolz~ntr. 
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both toward smaller wave nii~nbers. The C = C band should as usual be very 
much nrealcer than the C = 0 band. The CN band according to Letanr and 
Gropp (10) should lie between 1600 and 1650 cm.-'. A possible explanation 
of the spectra actually found is that the three vibrations have very close to the 
same fundamental frecluency, and that resonance between them results in 
split bands of higher and lo~ver frequency with very much modified relative 
intensity. 

The "iso" conlpounds cierivecl fro111 lycoctonine have single bands near 
1650 cm.-I which lends no support to the unsaturated lactam suggestion. 

The infrared spectra of bakanlcosine derivatives resemble that of N-crotonyl- 
piperidine more than that of G-n1eth)~l-5,G-dihydro-2-pyridone (the 1610 
cm.-l band is more intense than the 1670 cm.-I band). However, the allcaloid 
spectra could as readily be interpreted as that of a-P unsaturated Icetones 
(1670 c n r l )  with an isolated hjrdrogen bonded lactanl (1610 cm.-I). (Scc the 
discussion of ultraviolet spectra.) 

The hydrogen on the double bonds (cis disubstituted in I and 11) shows 
up in the infrared near 3040 cm.-l (CH stretching) and probably (3) in the strong 
band a t  805-820 cm.-I (CH bending). I t  is interesting that the 3040 band 
does not appear in the spectrum of the N-alkyl lactam I1 taken in chloroforn~. 

The band at 2800 cm.-' in 4-methylamino-1,6-dimethyl-2-piperidone can 
most probably be assigned to the C-H stretching of the methyl group on the 
basic nitrogen since the N-methyl lactanls do not show it. 

The 3400-3500 cm.-I bands in the spectra of liquid films of N-dialkyl 
amides have been noted by Letaw and Gropp (10). They consider them to be 
overtones of the 1600-1700 cm.-I bands. We have observed with lupanine 
(4) and in the present work that this band does not appear in the spectra 
in chloroform or carbon disulphide soIutions. I t  is much too intense for an 
overtone, and in addition, it is at too high a wave number (first overtones 
i~sually appear a t  a wave number very close to double the parent wave number). 
'Thus the only simple explanation of this band appears to be that in the 
liquid state IT-alkyl lactams exist to a considerable extent as the enol. Al- 
though lupanine gave no methane in the Zerewitinoff determination, freshly 
distilled I1 and 1,6-di1~leth~l-2-pi~1erido11e gave close to one mole at 100°, 
indicating the [nobility of the hydrogens a (or y) to the carbonyls. 

The two lactams with an NH (I and 2-piperidone) in chlorofor~n solution 
had sharp bands near 3400 cm.-' (free NH) and broader bands of similar 
intensity near 3200 cm.-l (bonded NH). I n  the spectra of the pure substances, 
however, the 3400 cm.-I band was absent but the 3200 cm.rl one was much 
more intense. 

A study of saturated N-allcyl lactanls in which enolization is bloclced by 
alley1 substitution, or which contain N15, and a-b unsaturated N-alkyl lactams 
with the double bond carbons substituted might clarify the origin of the 
infrared spectra in the 3 and 6p regions. 

A summary of the position of the bands in the 1600-1700 cm.-' region 
of some saturated and a-8 unsaturated six-membered lactarns is given in 
Table 11. 
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TABLE 11 
- - - 

Position of 
Lactam band, cm.-' State" 

-~ -- 

Saturated -CONHR 
2-Piperidoneb 

Saturated -CON$R? 
3-Carbethosv-4-auinolizidoneb 

1670 Liquid film 
1665 Chloroform solution 

1643 Liauid film , . 
1631 ~hioroform solution 

Lupaninec 1642 Liquid film 
1624 Chloroform solution 

Oxysparteinec 1640 Carbon disulphide solution 
.i-Methylamino-l,6-di1nethyl-2-piperidone 1637 Liquid film 
1,6-Dimethyl-2-pipericlone 1637 Liquid film 

a-0 Unsaturated -CONHR 
6-Methyl-5,6-dihydro-2-pyridone 1610, 1677 Nujol mull 

If 
1615, 1675 CHCla solution 

a-0 Unsaturated -CON Rn 
1,6-Dimethyl-5,6-di ydro-2-pyridone 1611, 1643, Liquid film 

1667 
1609, 1G34, Chloroform so l~~ t ion  

1664 

"The  concenlrofion of the clzloroform solulions zoos approximalely 30 mgm. per ?,I/. 

bThe aullzors gralefully acknowledge Llze gifl of samples from Dr.  L. Marion and Dr. H. J.  
Vzpond. 

cSee Rejere?zce ( 4 ) .  

EXPERIMENTAL 

The ultraviolet spectra were taken on a Beckmann model D.U. spectro- 
photometer using 95y0 ethanol as solvent. The infrared spectra were deter- 
mined on a Perkin-Elmer model 21 double-beam spectrophotometer with a 
soclium chloride prism. Percentage absorption is indicated in brackets after the 
wave number in cm-l. 

Twelve grams of meth ylamine was condensed into $pressure tube containing 
2 cc. of water and 4.0 gm. of sorbic acid. The tube was sealed ant1 heated a t  
150' for 60 hr. The contents of the tube were transferred to a distilling flask 
and the methylamine boiled off, finally under reduced pressure. Preliminary 
experiments showed that only a trace of free acid was left after the GO hr. 
treatment. The residual liquid was distilled and a fraction was collected a t  
93-94" under 0.3 min. pressure (4.5 gm., 80y0). Found: N, 17.56. Calc. for 
C8HljONZ: N, 17.95. Infrared spectrum (liquid film): 3460 (40), 3300 (46), 
2950 (56), 2800 (39), 1637 (87), 1490 (GO), 1475 (58), 1458 (GO), 1425 (46), 
1402 (61), 1377 (55), 1330 (63), 1286 (36), 1260 (34), 1241 (42), 1170 (29), 
1135 (44), 1120 (40, shoulder), 1084 (33, shoulder), 1060 (31), 1032 (25), 
973 (19). The spectrum in the fingerprint region was not sharp. The amino 
lactam did not readily give a crystalline hydrochloride or perchlorate. I t  
formed a crystalline picrate when picric acid in benzene was added to a 
benzene solution of the base. This was recrystallized from 50y0 ethanol- 
water from which it separated as long stout prisms, n1.p. 187-189'. Found: 
C, 43.77; H, 4.78. Calc. for C14Hl9O8?Jj: C, 43.64; H, 4.97. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

89
.2

51
.1

03
.1

30
 o

n 
09

/0
3/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



68s CAlVADIriN JOURNAL OF CHEBIISTRY. T70L. ;2 

When 4-n1ethylamino-1,6-dimethyl-2-piperidone was reflused with a 
solution of 3 gm. of barium hydroxide octahpdrate in 20 cc. of water, methyl- 
a~nine  was slowly evolved. However, after eight hours the bulk of the amine 
was recovered unchanged. 

At 150" the amino lactarn evolved inethylamine but the conversion was 
very slow. 

The amino lactam (17.0 gm.) was decomposed by refluxing for seven hours 
in a nitrogen atmosphere and then slowly distilling the product a t  one atmos- 
phere. The weight loss on the refluxing was 3.0 9111. (theory for 1 mole of 
methylamine 3.38 gm.). The distillate was dissolved in 1 O . c ~ .  of 50% sulphuric 
acid. Fifty grams of sodium sulphate was added, the solid broken up, and then 
thoroughly extracted with methylene chloride. The solvent yielded 13.0 gnl. 
of neutral oil. This was distilled a t  155-15'7' under 130 mrn. pressure, giving 
10 gm. (73%) of colorless oil with a pleasant odor. Five grams of the oil 
was fractionated a t  one atinospheric pressure giving 

Cut 1, b.p. up to 225O, n21.4952; 
Cut 2, b.p. 225-22B0, n21.4953; 
Cut 3, b.p. 228-230°, nF1.4960. 

Cut 2 had A,,, 251 mp, log e 3.05, and cut 3 had A,,, 251 mp, log E 3.12. Cut 
2 was analyzed. Found: C, 66.69; H, 8.98; active hydrogen, 0.627, 0.646. Calc. 
for C7H110N: C, 67.17; H,  8.86; one active hydrogen, 0.805. Infrared spectra 
(see Fig. 1). Liquid film: 3480 (24), 3040 (14), 2980 (38), 2940 (35), 1667 
(84), 1643 @I), 1610 (74), 1483 (51), 1450 (50), 1403 (60), 1377 (38), 1326 
(51), 1294 (24), 1250 (40), 1162 (17), 1111 (41), 1073 (18), 1038 (35), 990 
(18), 931 (lo), 883 (7), 853 (16), 821 (45), 788 (26), 758 (9), 715 (34), 682 
(19), 692 (22). Chloroform solution, 1 mm. cell: 3660 (lo), 2980 (59), 2460 
(lo), 1755 (12), 1666 (94), 1631 (92), 1608 (92). Cut 1 (400 mgnl.) was dis- 
solved in 1 cc. of 0.1 N sodium hydroxide and allowed to stand a t  25' for 
six hours. The solution was made just acid, six grams of sodium sulphate 
added, and the lactam extracted with methylene chloride. The resulting oil 
was distilled a t  a bath temperature of 85-70" under 0.2 to 0.3 mm. pressure. 
The distillate had A,,, 251 mp, log e 3.05. 

The unsaturated lactam (625 mgm.) was oxidized a t  0" in aqueous solution 
with 2.1 gm. of potassium permanganate. After filtration and acidification the 
solution was extracted continuously with ether. The 1.1 gm. of thick oily acid 
which was extracted could not be induced to crystallize. A sample of this oil 
(150 mgm.) was refluxed with 4 cc. of 10yo sodium hydroxide solution for 
six hours. The solution was cooled, acidified with hydrochloric acid, and 
filtered from a trace of white precipitate. A solution of 0.5 gm. of calcium chlor- 
ide in 1 cc. of water was added, and the mixture made alkaline to litmus with 
aqueous ammonia. The white gelatinous precipitate was coagulated by 
boiling and collected by centrifuging. After washing by suspension in water 
and centrifuging again, the precipitate was dried to constailt weight. Yield: 
75.6 mgm. (75% of theory for calcium oxalate). The salt from hydrolysis 
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of 450 mgm. of oily acid was decoinposed with 2 cc. of 6 N h~cli-ochloric acid 
and the organic acid extracted into ether. The ether on evaporation left a 
crystalline mush. This was recrystallized from hot urater after which it melted 
a t  95-100°, resolidified, and melted a t  189O (dec.). A mixture of this with 
oxalic acid hydrate behaved in an identical manner. 

1 ,G-Dimethyl-2-piperidone 
A solution of 130 mgm. of 1,6-dimethyl-5,6-dihydro-2-piperidone in 10 cc. 

of ethanol in the presence of platinurll from 30 mgm. of platinum oxide 
(Adams') absorbed 26.1 cc. of hydrogen a t  21°C. and 760 mm. pressure in 
15 min. The rate of hydrogen uptake then fell off very markedly. The solution 
was filtered and concentrated below room temperature under reduced pressure. 
The residual liquid was distilled a t  a bath temperature of 80-85" under 1 
mm. pressure. The distillate had ng1.4802. Found: C, 66.04; H ,  10.18; 
active hydrogen, 0:487. Calc. for C7H130N2: C, 66.10; H,  10.30; one active 
hydrogen, 0.792. Infrared spectrum (liquid film, Fig. 1) : 3460 (52), 2950 (70), 
1637 (87), 1490 (65), 1475 @4), 1451 (63), 1422 (55), 1402 (71), 1382 (57), 
1337 (73), 1311 (46), 1250 (57), 1186 (52), 1140 (40), 1101 (30), 1056 (GO), 
1026 (35), 1000 (21), 909 (22), 850 (20), 688 (32), 657 (38), 645 (39). 

The above 1,6-dimethyl-2-piperidone (300 mgm.) was dissolved in 15 cc. 
of anhydrous ether and 1 gm. of lithium aluminum hydricle added. Fifteen 
cubic centimeters of dioxane was added, and the ether boiled off. The dioxane 
solution was then refluxed for 30 min. The excess hydride was decomposed 
by slow addition of methanol, following which the dioxane, methanol, and 
amine were distilled together under reduced pressure (boiling point around 
70"). Twenty cubic centimeters of dioxane was added to the residue and this 
distilled. T o  the combined distillate was added 500 mgm. of picric acid. 
When this solution was concentrated to 10 cc., 600 mgm. of picrate crystal- 
lized. The  picrate crystallized from ethanol as  yellow feathery crystals, n.p. 
242" (1iteraturem.p. 240-241"). Found: C, 45.76; H.  5.34. Calc. for C13HljNa07: 
C, 45.61; H ,  5.30. 

6-Methyl-5,G-dihydro-2-pyridone 

This was prepared as described by Fischer and Schlotterbeck (7). When 
recrystallized from ethyl acetate - petroleum ether it separated as needles, 
m.p. 105-106". Found : C, 65.02; H ,  7.98. Calc. for CrjHgON: C, 64.84; H ,  8.16. 
Ultraviolet spectrum: A,I, 235 mp, log e 3.15; A,,, 241 mp, log e 3.17. Infrared 
spectrum (nujol mull): 3180 (71), 3060 (54), 2930 (52), 1677 (go), 1660 
(81, shoulder), l G l O  (79), 1475 (41), 1447 (43), 1420 (67), 1381 (30), 1370 
(33), 1355 (26), 1326 (77), 1300 (34), 1210 (19), 1199 (21), 1153 (42), 1100 
(20), 1075 (19), 981 ( l l ) ,  939 (22), 885 (34), 820 (57, shoulder), 812 (72), 
757 (29), 697 (30), 655 (23). Chloroform solution (31 mgln. per ml., 0.1 
mm. cell) : 3400 (29), 3220 (27), 3000 (53), 2890 (27), 1675 (97), 1615 (go), 
1442 (55), 1400 (28), 1385 (30), 1363 (33), 1345 (28), 132L (Zl), 1300 (26), 
1145 (46), 1100 (21), 878 (28), 807 (54). 
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LV-C~oto~zylpipcridinc 
This boilecl a t  117-119" under 10 inm. pressure, and had nr1.5090. Ultra- 

violet spectrum: log E 4.04 (215 m ~ ) ;  3.82 (235 m ~ ) .  Infrared spectrum (liquid 
film) (see Fig. 1) : 3500 (25), 3220 (12), 2940 (93), 2860 (87), 1664 (%), 
1617 (99), 1449 (75), 1369 (60), 1353 (62), 1314 (37), 1285 (94), 1253 (92), 
1220 (97), 1162 (25), 1140 (go), 1129 (59), 1103 (64), 1024 (78), 971 (go), 
922 (54), 891 (34), 851 (68), 819 (42), 798 (29), 675 (39). 

2-Pipcridone 
A sample of the lactam was purified by dissolving in 3 N sulphuric acid, 

salting out  with anhydrous sodium sulphate, and extraction illto methylene 
chloride. After distillation under 10 mm. pressure the compound crystallized 
readily. The  hygroscopic solid melted a t  38'. Infrared spectrum: (a)  Thin 
liquid film: 3220 (45), 3090 (31), 2950 (53), 2880 (41), 1670 (89), 1500 (58), 
1475 (36), 1452 (34), 1415 (44), 1356 (55), 1330 (49), 1310 (44), 1273 (23), 
1182 (25), 1170 (35), 1115 (34), 1060 (17), 990 (17), 939 (28), 829 (31), 
769 (30), 656 (33). (b) Chloroform solution (32.4 mgnl. per ml., 0.1 mm. cell) : 
3400 (28), 3290 (18), 3220 (26), 3000 (57), 3970 (57), 2890 (34), 1665 (97), 
1499 (59), 1474 (36), 1454 (32), 1416 (32), 1395 (32), 1356 (59), 1334 (47), 
1309 (38), 1274 (30), 1182 (22), 1170 (40), 1106 (27), 1060 (18), 988 (18), 
936 (21), 825 (17). 

-4 chloroforin solution of the compound was washed with dilute acid and 
with sodium carbonate solution. The  residual oil after removal of the chloro- 
form was distilled under 0.2 mm. pressure (bath temperature, 130"). Found: 
C,  64.31; H, 8.81; N,  6.35. Calc. for CllHI9O3N: C, 63.97; H ,  8.50; N,  6.22. 
Infrared spectrum (liquid film): 3450 (12, broad), 2940 (68), 2860 (49), 1736 
(84), 1644 (go), 1470 (66), 1446 (71), 1302 (32), 1370 ( % I ) ,  1351 (51), 1320 
(55), 1300 (45), 1263 (69), 1219 (58), 1180 (75), 1120 (44),1100 (51), 1145 
(431, 1135 (44), 985 (21), 975 (22), 916 ( l l ) ,  897 ( l l ) ,  850 (27). 
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THE MECHANISM OF PERSULPHATE OXIDATIONSI 

ABSTRACT 

I t  has been f o ~ ~ r l d  that excha'nge between persulphate and sulphate, in both 
concentrated acetic acid as solvent and in aqueous solution, is not more than one 
half of one per cent complete in 12 hr. a t  34.2'C. This indicates that the equili- 
bri~lrn proposed by Levitt, S?Os- Ft SO*- + Sod, probably plays no part in 
pers~~lphate oxidations. 

INTRODUCTION 

I t  has been proposed by Eager and Winkler ( I )  that the first and rate 
controlling step in the reaction between potassium persulphate and nler- 
captans, using concentrated acetic acid as solvent, is 

s20*= FISt 2s04-. [I I 
Recently, Levitt (4) suggested, for both this solvent and aqueous systems, 
a new mechanism for persulphate oxidations in which the above reaction is 
replaced by the following: 

S?Og= sO4= + SOa. La] 
According to either mechanism, the reactive intermediate, S o l T  or SO4, may 
then react with mercaptan. For high mercaptan concentrations the rate a t  
which persulphate disappears will be equal to that of the forward reaction of 
[ l ]  or of [2]. Levitt applied his nlechanism to the data of Eager and bVinkler 
and found good agreement between the observed and calculated dependence 
of the specific rate constant on the initial mercaptan concentration. However, 
this same dependence is required by the mechanism of Eager and Winkler 
if the Franck-Rabinowitsch "cage effect" (2) is assumed to apply to Reaction 1. 

Levitt points out that according to his proposed nlechanisnl sulphate 
ions should retard the rate of reaction of persulphate. Actually, Eager and 
Winkler found that sulphate ions increased the rate constant, apparently 
through a salt effect. h/loreover, in some cases a t  least, when retardation by 
sulphate ions occurs, it might be due to a mechanism other than that proposed 
by Levitt. Green and h4asson (3) found, in their investigations on the decom- 
position of aqueous solutions of various persulphates and of persulphuric 
acid, that sulphate ions caused a retardation of the rate of decomposition 
which was attributable to a salt effect. 

Apart from the above considerations there appears to be a simple way 
in which to determine whether Levitt's suggestion a t  least represents a possible 
mechanism. I t  is implicit in his mechanism that equilibrium must be established 
between Sz08- ions and SO4= ions in times that are short compared with 
those used in the rate studies (1). Otherwise the predicted and the observed 
kinetics would not agree. This means that if sulphate ions labelled with radio- 
active sulphur are present in solutiorl with inactive persulphate ions, there 
should be rapidly established a uniform distribution of radioactive sulphur 
between sulphate and persulphate ions. 

ld6anzrscript received February 2, 1954. 
Contribution frottz the Department of Cheltzistry, U7riversity of Saskatclrewan, Saskatoon. Sask.  
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Previous work in these laboratories (5) inclicatecl that ,  in aqueous solution 
and a t  room temperature, no exchange of raclioactivity occurred between 
sulphate ions labellecl with radioactive sulphur and inactive persulphate ions 
over a period of a few hours. The present paper presents the results of a more 
detailed stucly of the exchange in both aqueous solution and in the concentrated 
acetic acid solvent used by Eager and Winltler. 

E X P E R I M E N T A L  A N D  R E S U L T S  

4 solution of S35-lal~elled sodium sulphate and inactive potassium persiilphate 
was allowed to  stand for a given length of time a t  34.2"C.* An excess of barium 
chloride was then added and thc precipitated barium sulphate removed b y  
centrifugation. The  remaining solution, co~ltaining the persulphate and excess 
barium chloride, was heated to  80-90°C. for approxiinately 12 hr. At  these 
temperatures the persulphate slowly decon~poses (3) to  forin sulphate, which 
also precipitates as  barium sulphate. I30111 the specific activities of the two 
barium sulphate precipitates the extent of the exchange could be calculated. 
As a check on the amount of radioactivity present, control experiments were 
made in which no potassiun~ persulphate was aclded. 

Two preliminary experiments, in which no undue care was talten in the 
separation involved, were made to  determine approxiinately the extent of 
exchange between sulphate and persulphate. I11 one of these experiments 
the solvent was water while in the other experiment the solvent was the  acetic 
acid - water mixture used by Eager and Wiilltler (I). If, as indicated by the 
previous work, the exchange was found to  be small or negligible, then such 
factors as exchange during separations could be neglected in more carefully 
controlled experiments. The  centi-ifugate froin the acetic acid solution was 
cloudy with barium sulphate, while small crystals of barium sulphate were 
observed in the centrifugate from the aqueous solution. A second centri- 
fugation failed t o  prevent some carry-ovcr of barium sulphate in both experi- 
ments. I t  is liliely tha t  the carry-over of precipitate was clue to the use of 
50-1111. round-bottomed centrifuge tubes and -to removal of the centrifugates 
by decantation. 

The results are given in Table I. The  extent of exchange in the concentrated 
acetic acid solvent, Experiment 1, is 2.2 + 0.3Y0, and in water, Experiment 
2, it is 2.0 f 0.Z70. 

While these results indicated tha t  the possibility of Reaction 2 occurring 
to  any appreciable extent is very unlikely, it seemed desirable to  repeat the 
experiments with more careful separation of the sulphate from the persulphate. 
Fifteen-nlilliliter centrifuge tubes with pointed ends were used, which per- 
mitted the centrifugates to be removed with a pipette without seriously 
disturbing the precipitates. The  centrifugates appeared perfectly clear, 
but as  an additional precaution they were scavenged with inactive barium 
sulphate. T o  each was added an inactive sodium sulphate solution and the 
scavenging precipitate of barium sulphate was centrifuged off and discarded. 

*Mos t  of llze earlier rate sltrdies were tnade at  SJ'OC. 
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TABLE I 
ESCHAKGE BETWEEX 1'BRSULPII.ITE -4ND SGLI'HATE 

Temperati~re, 3.1.2-C0.l0C. Potassii~rn persulphate concentration, 0.000766 gm. ~lioles per 
liter. S o d i ~ ~ m  sulphate concentration, 0.001.i3 gm. moles per liter 
-- --PAPA 

I I I I 

1 1 12.1 I Conc. acetic acid SO.,- I 128f I*** 
S:C,- 1 . 4 f 0 . 2  

Time, hr." 
-- 

2 1 13 0 / Water I s0,- I l78* 2 
1 .8% 0 . 1  

3 1 Control I Warer 
I 

, 1 G G f  2 

-----pa- --- 

Source of 
BaSO.1 

1 1 2 4  1 Conc. acetic acid I SOT 1 
so,- 

Specific activity** of BaSO,: 
counts/nig-m. 

-- 
* T h e  times for the uqueozis and for the acetic acid media were laken fro~n. uddition of labelled 

sulplzate, or addition of acetic acid, respectively, zrntil additio?~ of bnrizrm chloride. 
**Corrected for backgrozrttd a?rd for thickness of sample. 
***Only tlre statistical errors ofcotinti?zg were cofzsidered when calcz~laling the sta~tdard devialiotzs. 

Since the prelinlinary experiments indicated a maximum exchange of only 
about 2y0 in 12 hr., the amount of back exchange from persulphate t o  sulphate 
during the short scavenging time would be negligible. 

The  results are also given in Table I. The extent of exchange in the con- 
centrated acetic acid, Experiment 4, mas 0.64 f 0.1970, and in water, Experi- 
ment 5 ,  i t  was 0.46 i 0.12%. 

DISCUSSION 

The  values found for the exchange between sulphate and persulphate 
may be the result of true exchange, of exchange induced by separation, of 
incomplete separation, or of some combination of these. Tn any event, the 
results do set, for the solvents used, an upper limit of approximately 0.5% 
for the extent of exchange between sulphate and persulphate in a 12 hr. 
period a t  34.2'C. 

As mentioned earlier, i f  Levitt's proposed meclmnism is correct, the ex- 
change between sulphate and persulphate should be essentially complete 
in times tha t  are short compared with those used in the previous rate studies 
(1). From the data  of Eager and Winkler i t  is estimated, for the potassiuin 
persulphate and sodi~lnl sulphate concentrations used in the present work, 
that  the first order rate constant wit11 respect t o  the persulphate concentratioll 
will be approximately 0.2 hr.-l, if excess rnercaptan were present. This means 
that  two thirds of the persulphate would have reacted in a 5.5 hr. period. In 
many of the rate experiments the reactions were allowed to proceed to  this 
extent. Since the value of 0.2 llr.-' for the value of the observed rate constant 
is tha t  found when excess rnercaptan is present, then on the basis of the pro- 
posed mechanisms this is also the va111e of the specific rate constant for the 
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EAGER AND ~TCCALLCJI%T: PERSULPHATE OXIDATIOIVS 695 

decomposition of persulphate illto the reactive intermediates. Fro111 this value 
for the specific rate constant, it may be calculated that each persulphate ion 
has on the average been in the reactive intermediate form 2.5 times in the 12.4 
hr. period used in the present exchange studies. Alternatively, the time for 
the half-life of the forward reaction may be calculated and is found to be 
3.7 hr. From this value for the half-life it follows that in a 12.4 hr. period, 
slightly more than 91% of the persulphate was in the reactive intermediate 
forin at least once. From the observed stability of potassiunl persulphate in 
the solvents used the specific rate constant for the reconlbination of the inter- 
mediates must be very large. Hence there has been a good opportunity for 
close to goy0 exchange to have occurred if Levitt's mechanism is operative. 
Since the exchange actually found was much less than 90% i t  would appear 
from the above considerations that the equilibrium proposed by Levitt is 
relatively unimportant in the reactions of persulphates in aqueous or in con- 
centrated acetic acid solutions. I t  is still possible that SO4 is an intermediate 
in persulphate oxidations, but if so, i t  must occur in some reaction other than 
a reversible one involving sulphate and persulphate ions. 
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THE SYSTEM LITHIUM SULPHATE - AMMONIUM SULPMATE - 
WATER1 

BY A. x. CAMPBELL, M'. J.  G. MCCULLOCN, AND E. M. I<ARTZBIARR 

ABSTRACT 

The binary eutectics Li3S04 .H?O - ice and (XI-I.i)?SOd - ice as \veil as tlie 
ternary eutectics LilSOl .HIO - Li?SD, .(KH4)1S04- ice and (NHr)2SOi-Li!S04. 
(NH,)?SOd-ice have been determined as to temperature arid composition. The 
colnplete solubility isotherms a t  O . l O ,  71.g0, and '35.2OC. have been investi- 
gated. l 'he enthalpies of solution of lithium s ~ ~ l p h a t e  monohydrate, of ammonium 
sulphate, and of double salt have been determined (in water .at room temper- 
ature), and from these data, as well as frorn tlie solubility isotherms, i t  has been 
sho\\:ll that  the temperature of the transition of the double salt, LizSO.!. 
(NHl)PSOd, to its component single salts (in Lhe presence of water) is approached 
by lo\vering the temperat~~re ,  but this transition temperature is still far fro111 
reached when the system freezes completely. 

INTRODUCTION 

A double salt of the formula LiZSO4. (XH4)2SOd \vas 1;noivn to form in the 
above system but no transition point had been established for the reaction: 

LiaS04.H?O + (NHd)?SOl+ Li2SOd. (NH4)$04 + H2O. 
In the corresponding system Na2SOd - (NHJ)2SOI - H 2 0 ,  the transition 

temperature is well known t o  be 59.3" (11, 4, 5), the double salt being unstable 
above this temperature; there is also a lower transition temperature a t  - lB°C., 
but the situation is complicated by the fact that  sodiu~n sulphate is anhydrous 
a t  the higher transition temperature but hydrated, as Glauber's salt, a t  the 
lower. We therefore decided to  investigate several isotherills of the above 
system, as well as the ternary eutectics, with a view to predicting the transition 
temperature, by extrapolation in the usual manner. 

The compoilent binary systems ammonium sulphate - water and lithium 
sulphate- water* are well Iinown, but there has been some controversy 
about the lithium sulphate - water system. In a previous paper, one of us 
(3) determined the complete equilibrium diagram of the system, with the 
exceptio~z of the critical data  for water in the presence of lithium sulphate. 
Some of these data were again checked in the present work. The  most debat- 
able point is the coniposition of the eutectic ice - Li?S04.H?OI which Canlpbell 
was only able to  obtain by extrapolation. Another point a t  issue was the 
claim of Friend (6) that a t  low tenlperatures a dihydrate of lithium sulphate 
exists, a claim which Cainpbell was unable to  verify. 

The  double salt of ammonium and lithium sulphates is congruently soluble 
and is therefore readily prepared by dissolving stoichiometric quantities of 
the constituent salts in water and crystallizing out. Schreinen~akers (17) has 
determined the solubility of the pure double salt in water a t  tenlperatures 
ranging from - 10°C. to 70.0°C., and he found the solubility to be nearly 

I M a n l ~ s c r ~ p l  receitled Marclz 30, 1954. 
Contribzrtion from the Chenrisfry Departnzer~t of Llze Un~versi ty  of Afat~i foba,  bTTi~snrfieg, Man.  

' T h e  binary lrthzu~n sulphate- an~monitl?n sirlphafe has only a theoretical existence, at least 
over the grenter purl of the curve, since lzthizl~n sz~l)hate nlelts some seven hundred degrees above 
the temperature at wlticlt amnzonizlnt szllpltate decontposes. 
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independent ol temperature. Schreine~nal;ers' results, however, cannot be 
quite correct, since they show an increase ol solubility lronl 35.259% a t  - 10°C. 
to 3G.18% a t  70°C., but our calorimetric work, described in this paper, shows 
that the enthalpy of solution, though small in saturated solution, is definite]>, 
negative and this, of course, is inconlpatible with a solubilitj~ increasing \\lit11 
temperature. Schreinemaliers has also determined the ice-line in the pseudo- 
binary system water - double salt, and from the intersection of this curve 
with the solubility curve he has determined the pseudobinary eutectic ice - 
double salt, to contain 3E1.157~ double salt and to lie at a temperature of 
-20.7"C., a temperature which he verified by direct experiment. 

Sc11reinemal:ers and Cocheret (17) have cleterminecl the complete isothernls 
of the ternary system a t  30°C. and a t  E;O°C., while Spielrein (18) has deter- 
mined the isother~nal invariant points, not very accurately, a t  20°, 57", and 
97°C. At all temperatures, the solid phases occurring are ammonium sulphate, 
double salt, and either anhydrous litlliu~n sulphate mixed with monohydrate 
or, more probably, solid solutions containing ammoniunl sulphate in excess 
of lithium sulphate. From an examination of the lithium sulphate corner of 
any of the isotherms, particularly that  for 9S0C., the uncertainty involved 
in defining the nature of the lithium sulphate solid phase is evident. The tie 
lines to the first branch of the isotherm shift progressively, without crossing, 
from the co~nposition of the pure nlonohydrate to a point on the lithium 
sulphate - anl~nonium sulphate base corresponding to a solid phase containing 
about 10% by weight am~nonium sulphate (at  invariance). I t  is i~npossible to 
account for this as clue to analytical error; it must represent solid solution; 
the same observation was made by Schreinemakers. On the other hand 
dehydration of monohydrate to anhydrous lithium sulphate is unlikely 
because of the very high transition temperature (3) of monohydrate to 
anhydrous form. 

The main purpose of this worli was the co~nplete investigation of the 
isotherms a t  O.lO, 71.S0, and 952°C. by the fa~niliar "~\retrest" method of 
Schreinernakers, with a vie~il to the prediction of the transition temperature 
of the,double salt. In order to conlplete the study of the system in a down- 
wards temperature direction, the two ternary eutectics were determined by 
the method of thermal analysis. Other points arose in the course of the 
investigation, viz. : 

The checking of the two binary eutectic temperatures and coinpositions by 
thermal analysis. 

The investigation of Friend's contention (6) that  a higher hydrate than 
the monohydrate exists a t  low temperatures; the dilatonleter was used for this. 

Finally, since the forms of our isotherms indicated that the transition 
temperature from double salt to constituent single salts was approached 
by lolilering the temperature (of course, it cannot be realized because the 
system freezes), it was decided to confirm this thermodynamically by deter- 
mining the enthalpies of solution of single salts and of double salt and hence 
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obtaining the enthalpy of formation of double salt from single salts: 
Li,SO4-H20 + (NH4)?S04 -+ Li2.504. (xH4)?S04 $- H,O. 

Le Chatelier's principle then confir~ns our deduction. 

Preparation and Purification of Materials 
B.D.H. Analar lithium sulphate, co~~taining only negligible impurities, 

was used without recrystallization. Baker's C.P. Analyzecl anlmonium sulphate, 
free from pyridine, was recrystallized once. The doul~le salt was prepared by 
adding the two sulphates in equinlolecular proportion to water ~lntil  the 
hot solution was saturated. Nicol's "Mercury Metal" and Analar grade 
chloroform were used for the calibration of the tl~er~nocouple ancl were redis- 
tilled before use. 

il4etlzod of Analysis  
Total sulphate and a~nnlonia were determined and the lithium obtained 

bj. difference. Despite extensive criticism of the method (1, 8) sulphate 
was determined by the time-honored gravinletric method of precipitation 
as barium sulphate. Following the procedure ol I<olthoff and Sandell (9) 
an accuracy of better than 0.5Yo was consistently obtained and this was 
sufficient for our purposes. 

The determination of the ammonia content was made by steam distillation 
of a basic solution. The distillate was absorbed in a boric acid solution of 
approximately 4% strength, following the method outlined in Pierce and 
Haenisch (12) and originally proposed by Winkler (19). 

Calibration of Thermocouple 
For the thermal analysis work a t  low temperature, an iron constantan 

thermocouple was used, the e.nl.f. being determined on a sensitive potentio- 
meter. The method of calibration was that of Rosser and Dalll (14). The fixed 
points used were: freezing point of inercury (-38.g°C.), freezing point of 
chloroforn~ (-63.5OC.), sublimation point of carbon dioxide (-78.5"C.), 
and the melting point of ice; the hot junction was kept in meltin, ~ce .  ' 

Calorimetric Jleasurements 
Determinations of enthalpies of solutio~l were made in order to find the 

enthalpy of formation of the double salt. An electrical calorimeter nTas used 
with ordinary precautions; for example, the power input was determined as 
the fall of potential over a standard resistance and voltage determinations 
were made on a potentiometer; radiation corrections were applied. The  
accuracy of the results is sufficient for our purpose, which was merely to  
demonstrate that the formation of the double salt from the constituent salts 
is an endothermal process, but is not to be compared with the accuracy re- 
quired in model-11 thern~ochemical work. 

' RESULTS 

The  Binary Eutectic Ammonizrm Szrlphafe - Ice 
Previous workers (7, 13, 16, 15, 2, 10) give the eutectic co~lditions as:- 

conlposition, 38.40 - 39.90Yo (NH4)2S04, tenlperature - 18.34OC. to - 19.5OC. 
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We redetermined these values by thermal analysis. A solution of approxi- 
mately eutectic composition was cooled in dry ice, two air jackets being used 
to decrease the rate of cooling. The solution was stirred inecllanically tl~rough- 
out. When the thern~ocouple potential became constant, a sample of solution 
was removed through a (previously chilled) fritted glass filter, for analysis. 
As the mean of two experiments, we find eutectic temperature - 19.5"C., 
eutectic composition 39.2% (NH4)?S04. 

Binary  Ez~tectic L i th ium Sulphate Afonohydmte - Water 

According to Campbell (3) the eutectic temperature for this is -23.0°C. 
and the eutectic composition 27.9% anhydrous lithium sulphate. The eutectic 
composition was obtained by extrapolation of Friend's (6) solubility curve and 
Campbell's ice-line. We attempted to check these data in the same manner 
that we used to check the eutectic of the ammoniu~n sulphate - water system. 
A mixture of 27.9 gm. anhydrous lithium sulphate and 72.1 gm. of water 
was prepared. With steady cooling, a constant e.m.f. value was, however, never 
obtained. Since it was possible that the rate of cooling might have been too 
rapid, this rate was lessened in a repeat experiment, but again no constant 
e.il1.f. value was obtained. In a second repeat of the experiment, excess of 
lithi~im sulphate was added to the initial solution and a better system of 
stirring devised, but no e.m.f. value was obtained which could be interpreted as  
being the eutectic temperature. Samples of clear solution which were with- 
drawn a t  -23.0°C. were found upon analysis to contain 26.1y0 lithium sul- 
pllate and this is in fair agreement with Ca~npbell's result. We are unable to 
state why a direct experimental determination of the eutectic seems to be 
impossible, unless it  be connected with the peculiar re-entrant form of the 
solubility curve, just above the eutectic temperature. 

Hydrates of Li thium Sulphate 
T o  investigate further Friend's (6) statement that a higher hydrate of 

lithium sulphate than monohydrate exists a t  low temperatures and Campbell's 
(3) contrary conclusions that no such higher hydrate exists, a dilatometer 
was used. The bulb of the dilatonleter was charged with wet monohydrate 
and toluene was the indicator fluid. The temperature of the dilatometer was 
lowered progressively from -0.5"C. to -17.g°C. The plot of toluene level 
against temperature was a perfectly straight line, indicating the absence of 
any transition. Since it was possible that time had not been allowed for the 
conversion to take place, the bulb of the dilatometer was now immersed in a 
large quantity of ice and sodium chloride mixture and cathetometer readings 
of the toluene level talien until a constant reading was obtained. The tempera- 
ture was noted (-21°C.) and the assemblage allowed to stand for 24 hr. 
No change was observed in the toluene level a t  the expiration of the period. 
Hence a higher hydrate did not form under these experimental conditions. 
Finally, samples of moistened lithium sulphate monohydrate were sealed in 
glass containers and preserved in ice -sodium chloride mixtures for periods 
ranging froin 24 to 72 hr. No visible change in crystal structure could be 
observed and the samples still appeared wet. 
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The Tcr7znry Ez~tcch~cs 
I n  a ternary system consisting of two salts and water and for~ning one 

double salt (congruently saturating), there are two eutectics involving ice 
as  one phase. These ternary eutectics represent completely invariant systems 
(F = 0), since five phases, three of them solid, are in equilibrium. T h e  solicl 
phases in equilibrium a t  the two eutectics are, respectively: (1) ammonium 
sulphate, double salt, ice and (2) lithium sulphate monohydrate, double 
salt, ice. 

T h e  temperatures and con~positions of these two eutectics were cletermined 
by thermal analysis. T h e  procedure was similar t o  t h a t  employed in investigat- 
ing the  two binary eutectics. Starting from weighed amounts of the respective 
binary eutectic solutions, weighed quantities of the second salt were added 
and the mixture submitted to  thermal analysis. Provided the original mixture 
lay exactly in the eutectic trough, the first point of inflection on the coolillg 
curve represented the so-called freezing point, t h a t  is, the temperature 
a t  which simultaneous deposition of ice and one salt  occurred. If the com- 
position were slightly off the trough composition, a preliminary point of 
inflection would indicate prior separation of either ice or salt singly, followed 
by simultaneous crystallization, but such points on the cooling curve are 
easily interpreted. T h e  composition of the  first (ternary eutectic) solutio~l 
was determined by withdrawing a sample for analysis. Tlleoretically, any 
initial solution containing the three components should, on continued cooling, 
give a final solution corresponding to  one or other of the (ternary) eutectic 
compositions. In  practice, however, it was found tha t  it was necessary t o  
have initial solutio~ls whose c o n ~ ~ o s i t i o n s  were rather close to  the eutectic 
composition, in order t o  obtain the true eutectic co~nposition on cooling. In 
addition t o  the two binary eutectic troughs, the  two ternary eutectics are 
joined by a section of a surface, having a temperature maximum representing 
the pseudobinary eutectic ice - double salt. Three points on this curve were 
obtained by cooling a solution of double salt, with or  without slight excess of 
lithium sulphate or of arn~nonium sulphate. T h e  da ta  obtained are reproduced 
in Table I .  

TABLE I 
THE TEKXARY EUTECTIC CURVES - 

L - 
1 

"Tlzesc detcrn~inakions represent the two  ezlteclic lei~rperatrires and co~nposi t icns .  T h e y  are 
nreun -~aliies.  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C . . ~ ~ I ~ P B E L L  BT AL.  : LlTHl  UM SULPHA T B  - AAlh1Oh1lUdf SULPH.4 TE - Il'd T E R  

(NH4IzSO4 LizS04'  (NH4)zS04 

FIG. 1. The ternary eutectic curves. 

The above data  are plotted in Fig. 1. From an examination of Table I and 
Fig. 1, the eutectics are to be deduced as follows: Eutectic 1. Solid phases: 
ammonium sulphate, double salt, ice; temperature - 27OC.; composition: 
33.2y0 (NH1)2SOI, 10.5% Li2S04. Eutectic 2. Solid phases: lithium sulphate 
monohydrate, double salt, ice; temperature - 30.0°C.; composition: 10.6% 
(NHd)ZS04, 27.4% Li2S04. 

TABLE I1 
ISOTHERM FOR 0.10' (f 0.05") 

I I I 

LiZSO4 .H,O and 
Li&OA.(NHd2S04 

No. 

LitSOc . (NHI)?SO~ and 
(NHdSO'  

Solution Wet residue 

111. t .  i t .  1 w t .  
%(NH32SO, %LinSOa %(NH.t)?SO, %Li?SO( 

Nature of the solid phase 

-- 
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Li2SO4. (NH 4 2  ) SO-  4 Lq2S04 

FIG. 2. The 0.l0C. isotherm. 

The O.lO, 71.8°, and 95.d°C. Isotherms of the Ternary System 

The technique of this kind of work has been too frequently described to 
require discussion here. For O.l°C., the thermostat, containing kerosene, 
consisted of a large glass cylinder placed in an outer tank which also con- 
tained kerosene. The outer bath was cooled by a thermostatically controlled 
refrigerating coil. The inner thermostat, which was electrically controlled, 
was heated by a 1ight.bulb. For the other temperatures, the thermostat was 
of the usual type. The results in weight per cent are given in Tables 11, 111, 
and IV. The corresponding equilibrium diagrams are represented in Figs. 
2, 3, and 4. 

TABLE 111 

I S O T H E K ~ I  FOR 71.8' f 0.1O0C. 

1, 1 I 

Solution Wet residue 1 -  , I;;--, wt. 1 Nature of the solid phase 

NO. %(NH.)rSOq XLi?SO, %(i'iH4)2S04 SbLiSO. 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 

- 

0 . 0  
2 .4  
5 . 6  

12.1 

20.1 

32.1 
14 .9  

45.1 
47.9 

24.2 
23.5 
23.1 
21.8 

17 .1  
20.4 17.2 
25.6 1 14.2 

10.5 
5 . 2  

5 . 5  
0 . 0  

. . . .  
1.2 
2 . 1  
8 . 5  

48.2 
42.1'  
44.9 
46.8 
66.2 

76.8 
. . . .  

. . . .  
66.3 
62.5 
59.6 

40.0 

LisSO. .H,O 

Li2S01 .HrO and 
Li2S04 .(NH,)?SOI 

35.2 
35.0 
35.4 
10 3 

2 . 7  
. . . .  

LinSO, .(NHJ)rSOI 

I,i?SOr . (NHJ)~SOI  and 
(r\IH4)2SO4 
(h kf.~),:So< 
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FIG. 3. 'The 71.8"C. isotherm. 

TABLE IV 
ISOTHERM FOR 95.2"C. 

I I I 
I Solution I \Vet residue 

Wt. Wt. Wt. 
%Li&O4 i%(NH,)SO, 1 %LiPOi 

Nature of solid phase 

Sat'd. solid sol'n. in 
LinSO, .H?O + 
Li?SOr(NHr):SOr 

LiZSO* .(NM,),SOn + 
(NH,),SO: 
(NH,),SOi 
(NH ,)?SO< 

Heats of Solz~tion 
The results for the molal enthalpies of solution of ammonium sulphate, of 

l i t h i ~ ~ ~ n  sulphate monohydrate, and of double salt, in water, a t  various con- 
centrations, and of ammonium sulphate in solutions containing equivalent 
quantities of lithium sulphate (all a t  rooin temperature), are given in Table 
V. In accorclance with thermodynamic notation, a positive value of AII means 
that during the process of solution the solution absorbs heat from the sur- 
roundings. 
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Fig. 4. The 95.Z°C. isotherm. 

TABLE V 
ENTHALPIFS OF S O L T J T I O ~  A . r  FOOM TEMPERATURE (24°C.) 

Li2S04.H20 in water 1 ( ~ H I ) ? S O (  in water 

Molality I A H ~ ( k c a l . )  ( 1  Molality AH(kca1.) 

I -- ---- - --- ---- 
Double salt in water 

Molality AH? (kcal.) , Molality 

DISCUSSION O F  RESULTS 

The  values of composition and of temperature for the  binary eutectic 
a~lllnonium sulphate - ice agree well with the literature da ta  but the direct 
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CAAfPBELL E? AL.:  LZTlfIUdI SULPHATE - A.\IBIOA'IUI\ SULPHATE - IY.41-ER 7C5 

experimelltal check of the corresponding data for the eutectic l i t h i ~ ~ m  sulphate 
monohydrate - ice is somelvhat ~lncertain. I n  one of the experiments, the 
cooling curve exhibited a change of slope a t  - 23°C. and a sample of solution 
wi thdraw a t  this temperature contained 26.1% LiZS04, in rough agreement 
with Campbell's interpolated value of 27.9%. The cooling curve did not, how- 
ever, sllow a definite halt and thus the f i g~~re  is a t  best uncertain. The ternary 
eutectic curves of Table I and Fig. 1 tend to substantiate Can~pbell's result; 
the riglit hand eutectic curve of Fig. 1 includes Campbell's value for the 
binary eutectic smoothly: the depression by 1" of the binary eutectic tempera- 
ture seems reasonable. If reference is made to the equilibrium diagram of the 
system L i2S04-H20 ,  given in Campbell's paper (3), the reason for our 
inability to obtain a eutectic halt may seem to  lie in the peculiar for111 of the 
freezing and solubility curves in the neighborhood of this eutectic. 

We have been ~lnable to find any positive evidence for the existence of 
Friend's (6) higher hydrate of lithium sulphate. 

Examination of the solubility isotherms, both those of Schreinemakers and 
our own, shows that  a t  all temperatures fro111 0°C. to 95"C., the double salt 
is stable and congruently saturating. Only one double salt is formed, viz. 
LizS04. (NH4)2S04. All isotherms indicate a limited solid solubility of am- 
monium sulphate in lithium sulphate (presumably the monohydrate). There 
may also be a slight solubility of lithium sulphate in double salt but there is 
no detectable solubility of double salt in ammonium sulphate or of ammonium 
sulphate in double salt. This leads us to suppose that the lattices of lithium 
sulphate monohydrate and of the double salt are similar, but that no such 
siltlilarity exists between the lattices of double salt and of ammonium sulphate. 
The question might merit a crystallographic and X-ray study. 

The data of the isotherms (our own and Schreinemakers') were recalculated 
in the form: weight ammonium sulphate and weight (anhydrous) lithium 
sulphate per 100 gm. water. These were expressed graphically in Fig. 5. 
The comparative lengths of the intermediate curve, on which double salt is 
stable, indicate the relative regions of stability of the double salt. If these are 
measured as straight lines, the following figures are obtained, (on the original 
diagram) : 

0°C. 14 cm. 
30°C. 15 cm. 
50°C. 17 cnl. 
71.8"C. 19.5 cm. 
95°C. 20 cm. 

Such measurements are, of course, very rough but they show beyond a doubt 
that the (hypothetical) transition tempera t~~re  of the double salt is approached 
by lowering the temperature. (Cf. the behavior of the corresponding sodium 
ammonium double salt, which is quite different.) 

I t  therefore appears, since the stability of the lithium anlnlonium double 
salt increases with rising temperature, that it is an endothermal compound; 
that is, that in the process 

Li2S04.H20 + (NH4)zS04 + Li2.50,. (NH4)ZSOI +. Hz0 
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CAN.4DIAAT J O U R N A L  OF C H E B I I S T R Y .  I'OL. 32 

FIG. 5. The isotherrqs on rectang~~lar  co-ordinates. 
0 0.l0C. C. Mc. I<. 

30" Schreinemakers 
A 50" Schreinemakers 

71.8" C. Mc. I<. 
95.2" C. Mc. I<. 

heat is absorbed, and therefore AH is positive. If we give the synlbol AH3 
to the enthalpy of the above process and indicate by AH1 the enthalpy of the 
process 

LizS04.H20 + Aq -+ Li2S04.Aqr 

by AH2 that of the process 

and by A H 4  that  of the process 

(NH4)2S04.Li2S04 + Aq -+ .(NH4)2SO4.Li2SO4.Aq, 

we obtain A H ,  as 
A H a  = A H 1  + A H 2  - A H 4 ,  

provided that  we use for AH2,  not the enthalpy of solution of (NH4)2S04 in 
pure water, but that in a solution containing equivalent quantities of lithium 
sulphate. The following figures are obtained. 
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CAMPBELL E T  AL.:  LZTHIUAI SULPHATE - dllIMONlUllI SULPHATE - W A T E R  

Concentration of solution, AHJ, kcal. 
molal 

- I- -- 

The levelling off to,constancy as saturation is approached shows that the 
true A H  of formation of the double salt is 1.28 f 0.01 kcal. This positive 
value accounts for the double salt having a downwards transition temperature. 
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LYCOCTONHNE: ACID CATALYZED REARRANGEMENTS' 

ABSTRACT 

The lactarn derived from the alkaloid lycoctonine has been shown to undergo 
rearrangement when heated with mineral acids. A ketone, anhydrolycoctonam, 
is formed first by pinacolic dehydration. This ketone then undergoes elimination 
of the elements of methyl alcohol, and hydrolysis of a methoxyl to give lycoc- 
tamone, an a-0 unsaturated lcetone coritaining a new tertiary hydroxyl. Re- 
actions of lycoctamone and its reduction products are described and discussed. 

The allialoid lycoctonine, for which the expanded fo'rrnula CIgH?1(OH)3 
(OCH3)4NC?HS can be written, is most probably a saturated hexacyclic 
base. Evidence has been presented in the preceding papers (4.5) for the pres- 
ence in the alkaloid of the systems 

H 

C-C 'c--c- 
OCH3 Hr OCHs 

and 

I t  was shown that the glycol systeill can undergo a ready pinacolic dehydration. 
For example, the lactam derived from lycoctonine, lycoctonam, gives the 
ketone, anhydrolycoctonai~~, with loss of one molecule of water. Since an- 
hydrolycocto~lam only givcs a faint reaction with hot Fehling's solution, and 
only slowly gives a weak Tollens' test, i t  is unlikely that it has a methoxyl 
a to the carbonyl. I t  is stable to alkali, hence has no methoxyl P to the car- 
bony1 which can be readily eliminated. Thus the two most probable partial 
structures for the 'anhydro' compounds derivable from the above structure 
are : 

C-C\ 
II 

/ C--C-C- 
I i 

/ C-C 

I I1 
Anhydro Compound 

Sellera1 arguments can be adva~lced as to the relative likelihood of I and 
11. The hydroxyl on the cyclopentane ring in the glycol system, being a to  a 

Illhnzrscript received hIarch 28, 1954. 
Contribzition from the Division of Pzrre Clrenzistry, Arational Researclz Cozrncil, Ollawa, Canada. 

Isszred as N.R.C.  No.  3300. 
ZNalional Research Council of Canada Posldoctorale Fellow. Presevt address: Defence Research 

Chemical Laboratorzes, Olta7ua. 
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EDIVARIIS E l '  AL. : LYCOCTOlVIiVE 700 

methoxyl, should be less basic than the one on the larger ring. Thus on this 
basis alone, the pinacolic dehyclration woulcl be expected to give 11. However, 
on the basis of the considerations of Brown and co-workers (3) it appears 
likely that the hydroxyl on the five-membered ring would be more readily 
eliminated, giving the more stable cyclopentyl carbonium ion. This would 
give rise to I on rearrangement. The same conclusion is reached on con- 
sideration of the pyrolysis of des(oxymethy1ene)-lycoctonam monoacetate 
(4). Since the cyclopentanone carbonyl in the diketones derived from lycoc- 
tonine derivatives is much less hindered than that on the larger ring (5), it is 
reasonable to suppose that the same relative hindrance exists for the hydroxyls 
in the parent glycol. Hence the above acetate should involve the hyclroxyl 
on the five-membered ring. Since the pyrolysis most likely proceeds as shown, 

the product would again be I ,  making this seem the more lilcely possibility. 
Anhydrolycoctonam could be recovered i~nchanged after attempted Wolff- 

Icishner reduction, hence the carbonyl is very hindered. In concordance with 
this, the carbonyl is only slowly recluced by sodium borohydride. The hydroxyl 
derived from the lcetone in this reduction could be acetylated readily, how- 
ever, giving an acetate which did not lose acetic acid readily a t  290'. These 
observations, and the fact that the lcetone was inert to seleniunl dioxide in 

Lycoctonam .4nhydrolycoctona111 
C Z ~ H ~ ~ O ~ N  / C,;H,,O,N 

\ 

'Y: Lycoctamone 7 
Lycoctamol Lycoctam 

C23H3,O;N 

Hz(Pt)H+ H?(Pt)H+ 

Dihydrolycoctam 
C ? ~ H ~ S O S N  
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refluxing acetic acid, suggest that the other carbon a to the carl,onyl is tertial-); 
or perhaps quaternary. 

On lnore vigorous treatment with acicl, lycoctonam ant1 anhydrol~~coctonam 
undergo extensive change. One methoxyl is hydrolyzed to a tertiary hydroxyl 

FIG. 1. Infrared spectra (ilujol mulls): 1. Dihydroanhydrolpcoctona~u diacetate. 2. Lycoc- 
tamone monoacetate. 3. Lycoctarnol  non no acetate. 1. Lycoctarn monoacetate. 5. Dihydro- 
lycoctam monoacetate. 

This pagr lrns  beer^ r e p r i ~ ~ l c d  to  i~rclzide thc correctio~r pointed ozrt in the Errutu 1 1 ~ ~ 1  ( ~ p p c i ~ r  ( L L  
the end of llre ~ ~ o l z ~ n i e .  
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EDII'ARDS E T  AL.: LYCOCTONWE 711 

(highly hindered and inert to chromic acid), and a second n~ethoxyl is elim- 
inated as methyl alcohol. The  product is an a-@ unsaturated ketone (XX,,, 
245 mp, log c 4.01 and 310 mp, log c 2.20) of formula C23H310cN. The  name 
lycoctainone has been chosen to  designate this important degradation product. 
The  reactions which have been used to  elucidate the changes in the fornlatio~l 
of lycoctamone are indicated on the flowsheet. 

I t  is evident tha t  allhydrolycoctonarn is an intermediate in the formatioil 
of lycoctamone, and tha t  information gathered about the environinent of the 
carbonyl in the foriller may be used in the interpretation of the mode of 
formation of the latter. 

Lycoctamone and dihydrolycoctarn form exceptionally. stable mono- 
hydrates, and no very satisfactory analyses have been obtained for the 
anhydrous co~npounds. The  acetates, however, gave good analyses. 

Lycoctamone still contains a readily acetylated hydroxyl, presumably the 
original primary one. The position of the short wave length ultraviolet maxi- 
inum indicates, if the Woodward-Fieser (6) rules are obeyed, that the a-@ 

unsaturated Iietone is trisubstituted endocyclic (calc. X,,,249 mp) or disub- 
stituted exocyclic (calc. X,,,,242-24imp). The  fairly rapid catalytic reduction 
of the double bond argues in favor of the disubstituted possibility. Additional 
support for this conles from the infrared spectrum. Lycoctainone, lycoctainol, 
and lycoctam (see flowsheet) have what is probably a CH-bending band 
near 830 cm.-l (Fig. 1) which is absent in dihydrolycoctam. A band in this 
position is characteristic of a trialliyl substituted double3 bond (9). 

Lycoctamone is inert to bismuth oxide in boiling acetic acid (8) and to 
periodic acid, hence it is not an a-ketol. In contrast to the situation in an- 
l~ydrolycoctonain, the carbonyl in lycoctamone is readily reduced by sodium 
borohydride to the ally1 alcohol lycoctamol, and by the Wolff-Kishner method 
to lycoctam. This suggests that  some of the hindrance of the carbonyl has 
been removed by carbon migration. 

A plausible explanation of the forillation of lycoctamone is that  a nlethoxyl 
@ to the carbonyl in anl~ydrolycocto~lan~ is eliminated with an attendant 
MTagner-Meerwein shift to give the a-@ unsa t~~ ra t ed  Itetone. Two types of 
situation can be envisaged which would favor such a change. Either a methoxyl 
separated from the carbonyl by a quaternary carbon is involved as in (a), or 
a ~nethoxyl @ to the carbonyl, having the wrong orientation for easy elimination 
with an a-hydrogen, is eliminated as in (b). 

0 
H 2 11 0 

H 

--c\ //C--c-- 

I1 
----C=====C-C-C---- 

( a )  + 
/C\ 

\ C C -  
I 

----C----C-C--- 

OCHj OCHj OCHj 

JNote  the difference i n  nonrenclature. A lrixzibslituted double bond corresponds lo a disz~b-  
stiluled o r p  unsaturated ketone. 
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c o c  C 0 C 
I i I H  I !I I 

( b )  C-C----C-C--C--C -+ C--C--C--C--C--- C 
I H oCH3  I H 

C C 

The arrangement of atoms necessary for (a) is present in partial structures 
I and 11 for anhydrolycoctona~~~.  However, a detailed consideration of the 
various possibilities will be deferred until more evidence is available on the 
substitution near the carbonyl in lycoctamone and anl~ydrolycoctonan~. 

Since in the products of periodate cleavage of the glycol system in lycoc- 
tonal11 the methoxyls are resistant to  hydrolysis (see experimental section 
and reference 5 )  i t  is clear that  during the forination of lycoctamone a methoxyl 
becomes unus~~a l l y  labile. This lability would be readily explained if the 
inethoxyl were located as shown, making it a vinylogue of an or-rnethoxy 
ketone. 

The  hydrogenolysis of lycoctaillone and lycoctarnol has many parallels 
(7,lO). Although the new tertiary hydroxyl is also in an allylic position if the 
above conclusions are correct, it does not readily undergo hydrogenolysis. 
The uptake of hydrogen by lycoctarnol was consistently over two moles, but  
the product consisted nlainly of lycoctam, i l l  which only the secondary 
hydroxyl was eliminated. 

Considerable information is now available about two or perhaps three 
of the methoxy groups of lycoctonine. The conclusions as to the degree of 
substitution of the double bonds in lycoctamone and the desmethanol dike- 
tones (5) will have t o  be checked by oxidation studies before a choice call be 
luade among the various possible partial structures for lycoctamone. 

The  activity of the alumina is cited using the scale proposed by Brockmann 
( 2 ) .  Melting points are corrected t o  within one degree. Rotations were deter- 
mined in absolute ethanol, the cited temperature being tha t  of the room. The  
ultraviolet spectra were determined on solutions in 95% ethanol using a 
Beckman D.U. spectrophotometer. Infrared spectra were determined on a 
Perkin-Elmer model 21 double beam spectrophotometer. 

.41zhydrolycoctonam-Attempted Reactions 

(a) The compound was recovered unchanged after attempted Wolff- 
I<ishner reduction a t  200° in triethylene glycol. 

(b) Over of the compound was recovered after 20 hr. reflus with 
selenium dioxide (1 mole) i n  acetic acid. 
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(c) Anhydrolycocto~lain darkened Tollens' solution slightly in 30 mi11. 
a t  room temperature. I t  gave a tiny red precipitate with Fellling's solution 
a t  100" in five minutes with little change after a i~ir ther  five minutes of heating. 

Dilzydroa~zhydrolycoctonam Diacetate 
Anl~ydrolycoctonain (116 mgm.) was dissolved in 2 cc. of methanol and 

1 cc. of 10% aqueous sodium borohydride solution added. After standing 
for 22 11r. a t  room temperature, the solution was refluxecl for 35 inin. The  
excess boi-ohydride was decomposed with acid and the product extracted 
into chloroform. The  125 mgm. recovered froin the chlorofornl coulcl not be 
induced to  crystallize. I t  was acetylated overnight with acetic anhydride - 
pyridine. The  145 mgin. of neutral product was dissolved in ether and pet- 
roleum ether added, giving 83 mgm. of crude crystals. After one recrystal- 
lization this melted a t  167-172". After purification by chromatography on 
alumina and recrystallization the diacetate was obtained as needles, lll.p. 
174-177". [a]: 33 f 1" (c = 1.8). Found: C ,  63.81; H ,  7.85. Calc. for 
C29H4309N: C,  63.37; H ,  7.89. Infrared spectrum (Fig. 1):  Bands at.1636 
and 1738 cin-I. 

When anhydrolycoctonam was treated with sodium borohydride solution 
for 15 mi11. a t  room temp. 817' of the compouncl was recovered in a slightly 
impure condition (n1.p. 142"). 

Dcsrnethanolsecolycocton.anz Diket0n.e-Attempted I3ydrolysis 
A solution of 44 mgm. of the ketone in 2 cc. of 6 N sulphul-ic acid was 

refluxed vigorously for 3.5 hr. The  product was extracted with methylene 
chloride, and the solvent removed. The  residue (45 mgm.) crystallized from 
ether containing a little acetone, giving 34 ingin. of starting material. 

Lycoctamone 
(a) Lycoctonam hydrate (500 mgm.) in 8 cc. of 12 N sulphuric acid was 

heated a t  100" for two hours. T h e  solution was cooled, partially neutralized 
with sodium carbonate, and extracted with chlorofornl. The 440 rngm. of 
brown residue from the chloroform solution crystallized when water was 
added, giving 260 mgin. of tan crystals, 1n.p. 205-215". This was best p~~rif ied 
by adsorption from benzene-chloroform on 20 tiines its weight of neutral 
alumina, activity 4, and elution with this solvent mixture and with chloro- 
form. The  eluates, crystallized from aqueous methanol, inelted a t  218-225O 
(immersed a t  200"). After three recrystallizations from concentrated methanol 
solution the colorless prisms inelted a t  221-225". After drying 24 hr. a t  110" 
over phosphorus pentoxide i n  vacuo it had [a]: 274 f 2" (c = 2.0). Found: 
C, 63.70, 64.01; H ,  7.64, 7.81; OCH,, 15.43, 14.91. Calc. for C2,H3106N.H20: 
C,  63.43; H ,  7.64; 2 0 C H 3 ,  14.25. Ultraviolet spectrum: An,,,230 mp (3.95); 
A,,,, 245 mp (4.01); A,, 300 n ~ p  (2.18); A,,,, 310 111p (2.20). A sample of lycoc- 
tamone hydrate was sublimed a t  180" uncler 5 X lop4 mm. I t  then melted 
a t  217-223", [a]: 258 f 4" (c = 1.3). Found: C, 65.97, 65.54; H ,  8.15, 8.07; 
Calc. for C Y ~ H ~ ~ O G N :  C,  66.16;.H, 7.48. Infrared spectrum (mull): Bands a t  
1610 (lactam) and 1661 cm.-I (ketone) and 3550, 3370, and 3260 cm.-I 
(hydroxyls). 
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(b) Anl~~~clrolycoctonain (40 mgm.) in 2 cc. of 6 N sulphuric acid was 
refluxed gently in a carbon dioxide atmosphere for five hours. The solutiol1 
was cooled, neutralized with ammonia, and extracted with chloroform. The 
34 ingin. of product crystallized ivhen water was added, giving 25 mgm., 
1n.p. 210-220'. This did not depress the melting point of the product from (a). 

Lycoctainone gave a blaclc precipitate with Tollens' reagent a t  room 
ternperat~~re in 20 min. I t  only reduced Fellling's solution slightly after 15 
min. a t  100'. I t  was recovered ~~nchanged after 70 hr. in an ac~ueous-methanol 
solution of periodic acid (approx. 0.2 molar) and it was not oxidized by 
bismuth oxide in refluxing acetic acid. 
Lycoctamone AJonoacetate 

( a )  Pure lycoctamone (108 mgm.) left a t  room tempel-ature for 72 hr. 
with 2 cc. of acetic anhydride and 2 cc. of pyricline gave 114 ingm. of neutral 
acetate. This crystallized readily from acetone, giving 72 rngm., lll.p. 235-242'. 
The compound purified by chromatography on alumina (activity 4) and 
recrystallization softened a t  235" and melted by 242" (iinmersecl a t  215O). 
[aID 1 9 2 f  2" (c = 2.6). Found: C, 65.26, ~ 5 . 5 6 ;  H ,  7.37, 7.18; N, 3.04; 
OCH3, 13.22. Calc. for C25HaaOTN: C, 65.34; H,  7.24; N, 3.03; 2 0 C H 3 ,  
13.51. Ultraviolet spectrunl: A,,, 231 mp (3.94); A,,, 245 mp (3.98). Infrared 
spectrum (Fig. 1) : Bands a t  3425, 1741, 1670, and 1623 cm-'. 

(b) Lycoctonam acetate (253 mgm.) in 20 cc. of glacial acetic acid con- 
taining 0.02 cc. of conc. sulphuric acid was heatecl a t  105 + 2' for 1.5 hr. 

, Two hundred inilligrains of sodiuin carbonate was added, then the solution 
taken to near dryness under reduced pressure. The residue was talcen up in 
chloroforn~, washed with sodi~im carbonate solution, dried, and evaporated 
to a volume of 5 cc. Ten cubic centimeters of dry benzene was added, and the 
conlpound adsorbed froin this onto 5 gm. of neutral alumina activity 3. 
The products were eluted rapidly with 50y0 benzene-chloroforin. The first 
84 mgin. crystallized readily from ether, giving 51 ingnl. of crucle anhydro- 
lycoctonam acetate. The next 117 mgm. proved to  be quite pure lrcoctainone 
acetate, 111.p. 242". The material eluted by chloroforn~ and methanol in 
chloroform did not crystallize readily. 

At temperatures around 115" with similar reagent mixtures the conversion 
to lycoctamone acetate was more complete, vields of LIP to 80y0 on a weight 
basis being obtained. 

Lycoctamone acetate was saponified readily a t  room temperature by 
potassium hydroxide in methanol. The recovered lycoctamone melted over 
a range up to 220". A purer product was obtained by saponification a t  roorn 
temperature with aqueous methanol containing mineral acid (1 cc. of conc. 
sulphuric acid in 6 cc. of 50% aqueous methanol). 
Lycoctamol 

Sodium borohydride (30 mgm.) was aclded to a solution of 52 mgm. of 
lycoctamone in 2 cc. of 50% aqueous methanol. After 30 min. the excess 
borohydride was deconlposed by addition of dilute sulphuric acid, ancl the 
solution extracted with six 4 cc. portions of chloroforn~. The 52 rngm. of 
product crystallized readily from ethyl acetate giving 37 rngm., m.p. 205' 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EDIVARDS ET AL.: LYCOCTOiVINE 715 

and 9 mgm., n1.p. LIP to 190'. After four recrystallizations from ethyl acetate 
the conlpound melted a t  207-212' (immersed a t  190'). It  mas clriecl a t  100' 
over Pro5 in vaczlo for 16 hr. [a]: 212 f 2" (c = 2.0). Found: C, 65.89, 66.03; 
H ,  8.41, 8.38. Calc. for C23H3306N: C, 65.85; H ,  7.93. The compouncl showed 
only enti absorption in the ultraviolet. I t  appeared somewhat ~lnstable. 
Freshly recrystallized samples dried a t  100" for three to five hours in vaczlo 
had rotation of 219 + 3', definitely higher than the sample heated for a 
longer period. Infrared spectrum (mull): Bands a t  3350 and lGlO cm-'. 

A suspension of 0.4 gm. of active manganese dioxide (1) in a solution of 
20 mgm. of lycoctamol in 3 cc. of dry benzene and 2 cc. of dry chloroform 
was agitated for 2.5 hr. The manganese dioxide was removecl by filtration 
and the solid washed with chloroform. The combined filtrates contained 
13 Ingnl. of product. This crystallized from ethyl acetate, giving 11 rngm., 
m.p. 224-228" which did not depress the melting point of lycoctamone. 
Lycoctamol Monoacetate 

Lycoctamone acetate (250 mgm.) was dissolved in 5 cc. of methanol, and 
55 mgrn. of sodium borohydride in 2 cc. of water was added. After five minutes 
the solution was acidified with clilute acid, and extracted \vith chloroform. 
The product crystallized nearly completely from acetone-ether, m.p. 170-214'. 
This was purified by chromatography on alumina giving 90 mgm., n1.p. 
214-218". After three recry-stallizations from acetone ether the compound 
rnelted a t  216-218". [a]:' 17.5 29 (c = 2.7). Found: C, 65.13, 65.69; H,  7.91, 
8.23. Calc. for C25H3507N: C ,  (3.5.05; H ,  7.64. Infrared spectrum (rn~111) (Fig. 1) : 
Bands a t  3455, 3365, 1744, and 1623 cm-'. 
Lycoctamol Diacetate 

When lycoctamol and lycoctamol monoacetate were acetylated overnight 
with acetic anhydride and pyricline they were converted to the same diacetate. 
This crystallized from ether - petroleum ether as fine needles, m.p. 177-lSOO. 
[a]: 1G3 f 2" (c = 1.84). Found: C, 63.S7, 63.70; H, 7.11, 7.01; 0CH3,  
12.45. Calc. for C27H3iO&: C, 64.39; H, 7.41; 2 OCHa, 12.32. Infrared spec- 
trum (mull) : Bands a t  3435, 1743, 1625 cm-'. 
Lycoctanz 

Lycoctamone (45 mgm.), 1 cc. of triethylene glycol and 0.5 cc. of 85y0 
hydrazine hydrate were heated in a bath a t  130" for one hour. Eighty milli- 
grams of potassi~~m hydroxide was added, ancI the bath temperature raised 
over a period of one hour to 200°, allowing water and hydrazine to escape. 
The solution was then allowed to reflux a t  that bath temperature for four 
hours. I t  was cooled, diluted, and extracted with methylene chloride (5 cc. 
portions). Water was added to the 71 mgm. of oil extracted by the ~nethylene 
chloride. Thirty milligrams of crystals were deposited which liquified between 
100 and 105', but clid not run clown in the tube until 125' was reached. On 
the hot stage this melted around 95', slowly resolidified and melted a t  157". 
The compound after recrystallization from aqueous methanol had the form 
of feathery needles, n1.p. 115-125'. This was dried for three hours a t  100' 
in vacuo over Pz05, the melt cooled, pulverized, and redried for one hour 
[a]: 160 f 2' (c = 3.2). Found: C, 68.73; H,  8.43. Calc. for C23H3305N: 
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C, 6S.46; H ,  8.24. The ultraviolet spectrum showecl only end absorption. 
Infrared spectrum (chloroform solution, 30 mgm. per ml., 0.1 mm. cell) : 
Bands a t  3575, 3400, 1615 cm-l. 

Lycocta7n Ildonoacetnte 

Lycoctanl (50 ingin.) was dissolved in 3 cc. of acetic anhydride and the 
solution left overnight a t  room temperature. The  54 mgm. of neutral acetate 
SO obtained crystallized froin ether on addition of petroleum ether. Crop I ,  
16 mgnl., n1.p. 154-156". Crop 2, 12 nlgnl., m.p. 140-158". Crop 3,  6 mgm., 
softened at 100°, melted over a wide range. Products from prepal-ations under 
varied conditions melted over ranges such as 151-159" and 153-162" after 
recrystallization. Found: C,  67.52; H,  8.16. Calc. for c ~ ~ ' H s ~ o ~ N :  C,  67.39; 
H,  7.92. Infrared spectrum: (Fig. 1): Bands a t  3435, 3350, 1743, and 1620 
cm-I. LOW melting material from the mother liquors froin recrystallizatioi~s 
of the acetate (approx. 40 ingm.) was saponified readily by potassium hydroxide 
in methanol. The product gave crystals (29 mgm.) from aqueous methanol, 
n1.p. 105-115". This did not depress the 1n.p. of lycoctam. 

Dilzydro2ycoctanz 

(a) Lycoctamone (27.1 mgm.) in 3 cc. of ethanol containing three drops 
of concentratecl hydrochloric acid in the presence of platinunl from 10.2 
mgm. of platinum oxide (Adams') absorbed 4.43 cc. of hydrogen a t  32°C. 
and 756 inn. pressure (mole ratio 2.84) in four hours. The  catalyst was 
removed by filtration, the solvent evaporated under reduced pi-essure, and the 
residue taken up in 1 N sulphuric acid. Methylene chloride extraction of this 
solution yielded 27 mgm. of neutral product which crj7stallized from aqueous 
methanol giving 9 mgm., n1.p. up to 170". When recrystallized from ethyl 
acetate on addition of petroleum ether it melted a t  179" and proved identical 
with the products from (b) and (6) (mixed m.p. and comparison of infrared 
spectra). 

In  similar hydrogenations varying the ratio of catalyst to con~pound and 
the concentration of hydrochloric acid, a molar uptake of hydrogen var~i ing 
from 2.6 to  3 was observed. Yields of the crystalline product vai-ied from 40 
to 55% by weight of starting material. 

(b) Lycoctainol (29 mgm.) in 3 cc. of ethanol co~ltaining three drops of 
concentrated hydrochloric acid in the presence of platinum from 10 mgm. 
of platinum oxide (Adams') absorbed 4.15 cc. of hpcli-ogen a t  26°C. under 
754 mm. pressure (mole ratio 2.4). The product, isolated as in (a), crystallized 
readily from aqueous methanol giving 21 mgnl., m.p. 173-178'. 

(c) Lycoctain (16.8 mgm.) hydrogenated exactly as described in (b), 
absorbed 1.27 cc. of hydrogen a t  27°C. under 763 win. pressure (1.24 mole). 
The product crystallized from aqueous methanol, giving 13.5 mgnl., 111.p. 182". 
After one recrystallization it melted a t  1S0-185° and had an infrared spectrum 
identical wit11 that of the product from (a). 

Dihydrolycoctam, purified by chron~atography on alumina of activity 4 
(readily eluted by 50y0 chloroforin-benzene) and I-ecrystallized from aqueous 
methanol, had the form of needles, m.p. 182-184". After drying seven hours 
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a t  110" over P20s  in vacuo it had [cr]; 85 i 2" (c = 2.4). Found: C, 67.59; 
H ,  8.59; 0CH3, 16.30. Infrared spectrum (mull): Rands a t  3525, 3420, l(jl6 
cm-l, A sample was clistilled a t  170°, 5 X 1 0 - k i n .  and the glass anal>-zed. 
Found: C, 67.48; H, 8.66. Calc. for C23H3jOSN: C, 68.12; H,  8.70; ~ W O  OCHe, 
15.30. 

Dilzydrolycoctam Acetate 
A solution of 79 mgm. of dihydrolycoctam in 1 cc. of acetic anhydricle and 

1 cc. of pyridine was left a t  rooin temperature for 45 hr. The mixture was 
talten to near dryness under reduced pressure and the residue talten up in 
cl~loroforrn. This solution was washed with dilute acid an? with sodium 
carbonate solution, dried, and the solvent removed. The residue crystallized 
readily from ether giving 75 ingm., n1.p. 108-204", and some less pure material. 
After three recrystallizations froin acetone-ether the compound softened a t  
202" and melted a t  20G0, [a]: 33 i 2" (c = 1.9). Found: C ,  67.15, 67.05; H, 
8.29, 8.46; OCH3, 14.75; active hydrogen, 0.217. Calc. for C15H3i06N: C, 
67.09; H,  8.33; 2 0 C H 3 ,  13.86; one active hydrogen, 0.225. Infrared spectrum 
(Fig. 1): Bands a t  3475, 3425, 1742 and a t  1635 and 1620 (split band) cm-I. 

Thirty seven milligra~ns of the acetate in 2 cc. of glacial acetic acid reduced 
3 mgm. of chroinium trioxide in five hours a t  rooin temperature, and 6 mgm. 
more when left overnight. The 40 mgm. of neutral product was talcen up in 
ether, filtered from 2 mgm. of green residue, and concentrated. Crop 1:  18 
mgm. 1n.p. 192-199'; crop 2, 4 mgm., n1.p. 185-199"; crop 3, 3 mgm., m.p. 
180-193". These did not give a melting point depression when mixed with 
dihydrolycoctam acetate. The combined crystals when recrystallized from 
ether - petroleunl ether melted a t  200-204". 

ACKNOWLEDGMENT 

The  authors wish to thank Dr. R. N. Jones and Mr. R. Lauzon of these 
laboratories for taking the infrared spectra. 

REFERENCES 
1. ATTENBURROW, J., CAMEROX, A. F. B., CHAPMAN, J. H., EVANS, R. M., HEMS, B. A,, 

JENSEN, A. B. A,,  and WALKER, T. J. Chern. Soc. 1094. 1952. 
2. BROCKMANN, H. and SCHODDER, H. Ber. 74: 73. 1941. 
3. BROWN, H. C., BREWSTER, J. H., and SCHECHTER, H. J. Am. Chern. Soc. 76: 467. 1954. 
4. EDWARDS, 0.  E. and MARION, L. Can. J. Chenl. 30: 627. 1952. 
5. EDWARDS, 0. E. and MARION, L. Can. J. Chern. 32: 195. 1954. 
6. FIESER, L. F. and FIESER, M. Natural products related to phenanthrene. Reinhold 

Publishing Corporation, New York. 1949. p. 190. 
7. MULHOLLAND, T. P.C. J. Chem. Soc. 3987. 1952. 
8. RIGBY, W. J. Chern. Soc. 793. 1951. 
9. SHEPPARD, N. and SIMPSON, D. M. Quart. Rev. 6: 1. 1952. 

10. WINTERSTEINER, 0.  and MOORE, M. J. Am. Chern. Soc. 65: 1503; 1507. 1943. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE REACTIONS OF ACTIVE NITROGEN WITH THE BUTANES' 

ABSTRACT 

The main product of the reactions of active nitrogen with n- and iso-butanes 
a t  75" C. and 250' C. was hytlrogen cyanide. Small amounts of C2 hydrocarbons, 
mainly ethylene and acetylene, were produced in both reactions. Second order 
rate constants were calculated on the assumption that the reactive species in 
active nitrogen is atomic nitrogen, and that the initial attack of a nitrogen aton1 
is the rate-controlling step. The activation energies were then estimated to be 
3.6 kcal. and 3.1 kcal. and the probability factors 4.5 X lo-' and 4.4 X 1W4, 
for the n-butane and isobutane reactions respectively. 

INTRODUCTION 

Previous papers from this laboratory have described the reactions of active 
nitrogen with methane and ethane ( l ) ,  propane (9), acetylene (13), ethylene (4, 
l i ) ,  propylene (12), and the butenes (3). 

In the present paper are discussed the reactions of active nitrogen with 
%-butane and isobutane. The  active species is assumed to  be atomic nitrogen, 
for reasons indicated elsewhere (15). 

EXPERIMENTAL 

The apparatus was essentially similar t o  that  describecl in previous papers. 
Reactions were studied in a fast flow system a t  a pressure of 1.34 mm. Hg. 
Active nitrogen was produced by a condensed discharge. 

Condensable reaction products were separated into three fractions in a low 
temperature still of the type described by LeRoy (6). Ethane and ethylene 
were distilled a t  - 170' C., and acetylene, propane, and propylene a t  - 147' C. 
Each fraction was analyzed for total unsaturation, using conventional absorp- 
tion technique (8, 2). 

The  third fraction, distilled a t  -30' C., contained hydrogen cyanide and 
butane. I t  was condensed into a large calibrated volunle, \\rarmed to room 
temperature, and the pressure recorded. By keeping the trap clean to avoid 
traces of water, and by never exceeding a total gas pressure of 400 mm. Hg,  
the hydrogen cyanide could be completely vaporized without appreciable 
polymer formation. The  hydrogen cyanide and butane were then condensed 
into a detachable t rap on top of 10 ml. of 1 N potassium hydroxide solution 
which was previously degassed and frozen in liquid nitrogen. The  trap was 
removed under vacuum, and the bottom immersed in boiling water. In this 
way the solution melted first and the hydrogen cyanide dissolved before it 
could melt and polynlerize. The  cyanide content of the solution was de- 
termined by a silver nitrate titration, and the butane determined by difference. 

Samples of noncondensable gas were removed from the flow system during 
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the reactions with a Toepler pump located beyoncl the liquicl nitrogen traps, 
and were analyzeel for N1,  H2, and CH1 with a mass spectrometer.* 

Experiments were macle a t  two temperatures with each hydrocarbon'. 
Nitrogen atom flow was maintained constant, while butane flow was varied 
over a wide range. 

RESULTS 

Hydrogen cyanide was the main product of both the n-butane and the 
isobutane reactions. At 75" C., from 85 to  95% of the 12-butane consumed was 
converted to hydrogen cyanide. At 250" C., the yield was from 80 to 90%. At 
100" C., frorn 90 to  97yG of the isobutane consumed was converted to hydrogen 
cyanide, while a t  260" C., the yield was from 87 to 95%. 

In Fig. 1,  hydrogen cyanide production is shown as a function of n-butane 
flow rate. I t  increased to  a maximum a t  both temperatures, then fell off a t  
higher flow rates. The  value of the maximum was higher for the reaction a t  the 
higher temperature. Several nitrogen atom - hydrocarbon reactions studied 
previously (3, 4, 9, 12, 13, 14) have been characterized by co~llplete con- 
sumption of nitrogen atoms a t  high hydrocarbon flow rates. The  curves shown 
in Fig. 1 are, however, incompatible with behavior of this sort. 

Hydrogen cyanide production in the isobutane reaction is shown in Fig. 2. 
As with n-butane, the hydrogen cyanide produced from isobutane a t  100" C. 

FIG. 2 

0 4 8 12 16 20 
ISOBUTANE - MOLE/SEC.X lo6 

FIG. 1. Rate  of formation of products in the nitrogen atom-n-butane reaction, as  a 
function of n-butane flow rate. 

FIG. 2. Rate  of formation of products ill the nitrogen atom - isobutane reaction, a s  a 
f u ~ ~ c t i o n  of isobutane flow rate. 

*We are grateful to Dr. H. I. Schiff of this department for nzaking the mass spectrometer 
analyses reported i n  this paper. 
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passecl t111.0~1gh a maximum, apl~arently m i t h o ~ ~ t  complet-e ~ ~ l ~ ~ u i ~ l p t i o n  of 
nitrogen atoms. At  260° C., however, consumption of nitrogen atorns appeal-ed 
to I>e complete, since hyclrogen cyanide production inci-eased to a value of 
about 7.5 X ~nole/sec., and remained constant, within experiinental 
error, with increasing isobutane flow. Further evidence that  the value of 
hydrogen cyanide production I-epresented complete consumption of nitrogen 
atoms was obtained by malcing several experiments with ethylene a t  250' C. 
PI-evious studies (13) have indicated rather clear]>- that,  beyond a fail-11- well 
defined flow rate, this reaction occurs with complete consuniption of nitrogel1 
atoms. The maximum hydi-ogen cyanide production uras approxi~nately the 
same as that from the isobutane reaction a t  260° C. 

Dilution effects and reduction in reaction time a t  high hydrocarbon flow 
rates might explain the incomplete consun~ption of nitrogen atoms a t  loo0 C. 
in the butane reactions, but cannot account for the maxima in the hydrogen 
cyanide curves with inci-ease in butane flow rate. However, the reaction flame 
a t  these hig-h butane flow rates is located in the narrow neck a t  the top of the 
reaction vessel, where surface effects might become important, and surface 
recombination of nitrogen atoms or destruction of niti-ogen-but-ane reaction 
complexes could explain the observed decrease in reaction a t  high butane flow 
rates. 

The  hydrocarbon fractions obtained by distillation a t  - 170" C. and 
-147" C. were found by absorption analysis to be 95 to 100% unsaturated. 
Mass spectrolneter analysis indicated incomplete separation of the unsaturates, 
with acetylene ancl ethylene occurring in both fractions. By plotting the sum 
of these fractions against butane flow, consistent curves were obtained, shown 
in Figs. 1 and 2 for n-butane and isobutane respectively. The shapes of these 
curves offer adclitional evidence for the inconlplete consunlption of nitrogen 
atoms in the n-butane reaction a t  both temperatures and in the isobutane 
reaction a t  100" C. The unsaturated C?-C3 hydrocarbons react rapidly with 
nitrogen atoms; hence, i f  nitrogen atoms arere completely. consumed a t  high 
butane flow rates a sharp increase in Cz-C3 recovered would be expected, as  
observed, for example, in the recovery of ethylene from the reaction of nitrogen 
atonis with propylene (12). In the n-butane reaction, however, and in the 
isobutane reaction a t  100° C., recovery of c2 -C~  increased to a niaximum, 
then decreased a t  high butane flow rates, roughly paralleling the hydrogen 
chloride curves. 

In  the isobutane reaction a t  260' C., on the other harld, the C2-C3 recovered 
shows a marked increase a t  high isobutane flow rates, indicating complete 
coilsu~ription of nitrogen atoms in this reaction. 

Mass spectrometer analyses of the combined C2-C3 fractions are shown in 
Tables I and 11 for the n-butane and isobutane reaction respectively. I t  is seen 
that these fractions consist almost entirely of ethylene and acetylene, with 
small amounts of ethane, propane, and propylerle. 

Analyses of rioncondensable gases showed tha t  in the temperature range 
investigated, methane was produced in only small quantities (of the order of 
5 X mole./sec.) in both the n-butane and isobutane reactions. . . , 
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BACK A N D  II 'INKLER: ACT1I"E NITROGEN 721 

TABLE I 
MASS SPECTROMETER ANALYSIS OF COMBINED C2-C3 FRACTION 

OF n-BU'I'AXE REACTION PRODUCTS 
-- -- 

Temp., Butane Cornbined Percentage 
" C. BOW, Cx-CI C2H2 C2H4 C ~ H G  C3Hs C3Hs 

mole/sec. X 106 
- -- 

75 0.875 0.028 57.6 41.6 1.2 - - 

75 7.57 0.285 35.0 62.5 Trace - - 
75 10.64 0.244 36.0 G3.5 Trace - -- 
75 12.95 0.302 30.7 68.G 0.7 - - 

TABLE I1 
MASS SPECTROMETER ANALYSIS OF C O M B ~ N E D  C2-C3 FRACTION 

OG lSOBUTANE REACTlON PRODUCTS 
-- . . - - - 

Temp., Isobuta~le Combined Percentage 
" C. flow, c2-C~ C2H2 CzI-14 C?HG CaH, 

~nole/sec. X loG 

DISCUSSION 

Since no nitrogen-containing product other than hydrogel1 cyanide was 
detectable in either of the systems under investigation, the occurrence of 
hydrogen abstraction reactions to  a significant extent woulcl appear to be 
excluded. 

In the n-butane reaction, an initial attack a t  a primary carbon atom seems 
most probable : 

N + C4Hlo -+ HCN + Hz + C3Hi [I] 
Attack a t  a secondary carbon atom is less favorable energetically and 

sterically, but probably occurs to some extent. 
N + C4HlO -+ HCN + H + CzH5 + CHI [21 

The  propyl radical might be expected to react with another nitrogen atom, 
N + C3H1 -+ HCN + H + C2H6 [3 1 

followed by 
N + ClH5 -+ HCN + CHZ + H PI 

and N + C H ,  - + H C N + H ,  151 
However, this reaction sequence cannot account satisfactorily for a C2-C3 

fraction composed almost entirely of ethylene and acetylene. Some ethylene 
might be formed by the disproportionatioil and hydrogenation of ethyl 
radicals, but a t  least an  equal quantity of ethane must be expected from these 
reactions (5). Since ethylene reacts much inore rapidly than ethane with 
nitrogen atoms, more ethane than ethylene would be found in the Cr-Ca 
fraction. 
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The  presence of acetylene in the reaction products is even more difficult 
to explain. While small anlounts of acetylene might be accounted for by 
clehydrogenation of ethylene, the quantities found (Table I )  cannot be satis- 
factorily explainecl in this way. Furthermore, the ethylene - hydrogen atoll1 
reaction forms ethane rather than acetylene as the main product (7). 

I t  would seem necessary to  postulate the direct formation of ethylene and 
acetylene by the reaction of nitrogen atoms with n-butane or with n-propyl 
radicals. A number of possible reactions could be suggested, but some of 
these are energetically unfavorable, while others involve the improbable 
formati011 of energetically "hot" radicals by decoinposition of a collision 
conlplex. The  least objectionable reaction leading to the for~nation of ethylene 
as a 1)roduct of nitrogen atom attack would appear to  be 

N + C3H7 + HCN + Hz + : CH-CH3 [GI  
followed by 

: CH-CH3 + CH2=CH2 

For acetylene formation, the reaction 
N + C3H7 --t CH=CH + HCN + 2H2 [?I 

seeins most probable. 
Reactions of the type [GI and [7], especially the latter, are admittedly 

incompatible with the Rice-Teller principle of least- motion. This pri~lciple 
has been concerned mainly with relatively simple processes, involving energies 
of the order of 100 kcal. 01- less, whereas the high energy of formation of the 
C = N bond (170-200 Itcal.), released within a reaction complex, might permit 
considerabl\~ Inore intracomplex rearrangement than would otherwise be 
expected. 

Another possibility is the attack by a nitrogen atom a t  a secondary carbon 
aton1 of ft-butane, with similar direct formation of ethylene or acetylene. 
This is less favorable, however, both energetically and sterically. 

The  amounts of ethylene and acetylene recovered represent a relatively 
small fraction of the n-butane consumed. However, if  it is assumed tha t  the 
initial attack of the nitrogen atom is rate controlling, the rate of reaction of 
nitrogen atoms with these unsati~rates is roughly seven tiines faster than the 
reaction with n-butane. Since nitrogen atoms werenever completely consunled 
in the n-butane reaction, ethylene, acetjrlene, and butane would be expected 
to compete for nitrogen atoms according to their relative reactivities, inde- 
pendently of the sequence of the reactions. T h u s  the ethylene and acetylene 
recovered represents only a fraction of the  total anlounts of these iinsaturates 
fornled during the reaction. Making conservative calculations on this basis, 
it seems probable tha t  close to 50% of the hydrogen cyanide must have been 
derived from ethylene or acetylene. Thus the reaction of nitrogen atoms with 
butane would appear to proceed almost exclusively through reactions of the  
type [GI and [7] rather than [3]. These would be followed by further reactions 
with nitrogen atoms, a s  described in previous papers (13, 14). 

In the isobutane reaction, the most   rob able initial step is the a t tack by 
a nitrogen atom a t  a primary carbon atom: 
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BACK A N D  IVINKLER: ..lCI'I['E NITXOGEN 723 

N + CH3-CH-CH3 -+ HCN + H2 + C H ~ - ~ H - C H ~ .  [8] 
I 

CH, 
An attack a t  the secondary carbon atom is unliltely, both energetically and 

sterically. Again, it appears necessary to postulate the direct for~nntion of 
ethylene and acetylene. If the unpaired electron of the isopl-opyl radical is 
considered to be localized on the secondary carbon atom, nitrogen atom attack 
a t  this point is highly probable: 

N + CH~--~I-I-CH~ -+ HCN + 2CH3. [91 

Formation of ethylene or acetylene directly in this reaction would involve 
rather extensive intracomplex rearrangement, ancl seems unlikely. 

There is some evidence, however, that the isopropyl radical may exhibit 
partial double bond characteristics (lo),  resonating between the three struc- 
tures 

- + + - 
CH3=CH-CH3, CHj-CH-CHj, CH3-CH=CHj 

so that the free electron is shared by the three carbon atoms, ~nalting nitrogen 
atom attack a t  the terminal carbon atoms much more probable. 

Thus the reaction 

followed by rearrangement of the ethylidene radical, and 

N + CH3-CH-CH3 -+ HCN + 2H2 + C2Hz [ I l l  

w o ~ ~ l d  seen1 to be the most probable sources of ethylene and acetylene. 
The smaller amounts of ethylene and acetylene recovered from the isobutane 

reaction would indicate that part of the reaction proceeds through reaction [9]. 
The small quantities of ethane, propane, and propylene (Tables I ,  11) may 

be adequately explained by hydrogen atom and inter-radical reactions. 
Second order rate constants were evaluated for both the n-butane and 

isobutane systems, assunling streamline flow (3). These decreased rather 
markedly a t  high butane flow rates beyond the maxima in Figs. 1 and 2 and 
values for butane flow rates above 12 X mole/sec. were therefore not 
included in the average taken to obtain the followi~lg sunllnary of the rate 
constants : 

Temperature, " C. k, liter. mole-'. sec-'. 

n-Butane 75 9.8 X 10" 
250 5.6 X lo5 

Isobutane 1 00 2.4 x 1 0 5  
260 8.5 x lo5 

Activation energies and collision rates, 2, were calculated in the L I S L I ~ ~  way. 
Collision diameters of 3.0 X 4.8 X lop8, ancl 4.66 X cm. were 
assumed for the nitrogen atom, n-butane and isobutane respectively (4, 11). 
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Probabilit-y factors and activation energies for the two reactions were estimated 
to be as  follows: 

E, P ' 
kcal. 

n-Butane 3.6 4.5 x 10-4 
Isobutane 3.1 4.4 X 

* Valzces of P skown  are averages of those for the two  
ternperatzlres. 
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NOTE 

THE PHOTOLYSIS OF CYCLOHEXANONE I N  PRESENCE OF OXYGEN 
AND OF CARBON DIOXIDE1 

This work arose from an attempted study of the reaction between oxygen 
and the radicals produced in the photolysis of cyclohexanone. Benson and 
ICistiakowsky (1) considered the initial step to involve the formation of the 
pentarnethylene-acyl radical : 

CsHloO + 1 ~ v  -+ (CHs)SeCO 
which could break down as follows: 

(CH2)sCO -+ CH2(CH2)aCH2 + CO. 
The initial studies on the pllotolysis in presence of oxygen were made a t  

room temperature, since c)rclohexanone is known to autoxidize at tempera- 
tures above 100" C. (3). A small amount of carbon inonoxide was produced 
when cyclohexanone and oxygen were mixed at  room temperature in the 
absence of light. 

The cyclohexanone-oxygen mixtures were stirred by a magnetic device and 
illuminated in a cylindrical cell by the full arc from an S-500 Hanovia lamp. 
The  pl~otolysis products were condensed in liquid nitrogen and the non- 
condensable products (fraction ( a ) )  were taken onto a Cu-CuO furnace heated 
to 220°C. Ally residual oxygen was reilloved by the copper, and carbon 
moiloxide was oxidized to carbon dioxide and measured as suc11. Two furtiler 
fractions (b) and (c) were talcen from the products condensable in liquid 
nitrogen with the aid of a LeRoy-Ward still. The vapor taken a t  -155O C. 
contained ethylene and propane, which had beer1 found by previous workers 
in the photolysis of cyclohexanone alone. I t  also contained some 50% of 
carbon dioxide which had not been found in the absence of oxygen. 

During later runs in the absence of oxygen, peaks characteristic of ethane, 
propyne, and acetylene, as well as unidentifiable high mass peaks, occurred 
in the mass spectrogram of this fraction. Presumably these products arose 
from the photolysis of polynlers which had collected on the windows of the 
cell. Between runs the cell was raised to a temperature ol about 150" and 
pumped out for several hours but there was, none the less, a marked drop in 
the total yield of products as the work proceeded. 

Fraction (c)  was taken a t  -78" C., and was sllow~l mass spectrographically 
to contain 1-pentene and cyclope~ltane in the ratio 2.6: 1, both in those 
experiments where oxygen was present and in  its absence. This ratio differed 
both from that found by Renson and I<istiakowsky (1) and that given by  
Miller (2). The exact value of this ratio seems to depend upon experime~ltal 
conditions. 

' Issued a s  N.R.C. 3302. 
2National Research Laboratories Postdoctorate Fellow 1953-. 
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The  analysis figures for typical photolyses in presence anti absence of oxygen 
are given in Table I. 

In presence of oxygen the yield of carbon nlonoxicle is considerably greater 
than in its absence, while there is a 25% decrease in the yield of C5's In the 
absence of oxygen the yield of carboil monoxide is only sliglltly greater than 

T A B L E  I 
PIIOTOLYSIS OF CYCLOHlirX4NONE (4.5 AfAl .  CYCLOHESANONE; 27' C.;  

FOUR F ~ ~ ~ ~ ~ '  ILLUMINATION) 
.- -. .. 

Fraction (b), Fraction (c), 
Run CO, cc. CC. CC. 

Ar (10 mm. O?) 1.36 0.29 ' 0.50 
A6 ( 0 2  absent) 0.77 0.085 0.67 

that  of the other volatile PI-oducts. However, when oxygen is present the 
material balance is poor, indicating that  there is some reaction giving rise to 
much material of high boiling point. 

The  considerable yield of Cs fraction in presence oi oxygen indicates that 
oxygen does not react readily either with the pentamethylene-acyl radical or 
the pentamethylene radical. I t  is possible that  these radicals are fornled by a 
slow step from excited cyclohexanone and that  they give rise to 1-pentene 
and cyclopentane by a very rapid reaction. In such a case the oxygen nlay act 
as  a quencher of the excited ketone, and this action alone could account for 
the 25% decrease in Cg yield. 

No previous st~tdies could be found on the course of cyclol~exanone photo- 
lysis in presence of foreign gases and, in order to  test the quenching theory, a 
number of experiments were carried out in presence of carbon dioxide a t  
various pressures. In  Table I1 the yield of carbon monoxide, which, in absence 
of oxygen is 10-15% higher than that of Cb's, is given together with the 
pressures of carbon dioxide. 

T A B L E  I1 
PHOTOLYSIS OF CYCLOHEXANONE I N  PRESENCE OF CARBON DIOXIDE 

(FOUR HOURS' ILLUMINATION) 

Press~~re, mm. 
Run Cyclohexanone CO? CO, cc. 

Runs at 27O C. 

A9 
Al:! 
A 16 

A11 
AIS 
A,, 
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DUIVN AND KUTSCHKE:  PHOTOLYSZS OF CYCLOHEX/ lNONE 727 

The accuracy of these figures is, unclo~ibteclly, low owing to the decrease 
in light intensity as the products fro111 subsequent runs tlepositecl on the cell. 
The  fact that  the poly~neric deposit was slightly charred by heat treatment in 
an a t tempt  to dislodge it will probably account for the lowered yields in 
As,A12, and Ale1 Table I1 (cf. AG, Table I). However, the trend toward low 
efficiencies a t  high carbon dioxide pressures is marked, and quenching of 
excited cyclol~exanone by carbon dioxide would be consistent with this. 

At  higher temperatures (-150" C.) the quantum yield in the uninhibited 
reaction is almost unchanged (1, 2) but the quenching effect is far less marked. 

Owing to  the interference of polyn~eric products, and also of autoxidatioil 
a t  higher temperatures, it is impracticable to investigate the react-ion between 
oxygen and the radicals from cyclohexanone photolysis more fully. However, 
the quenching effect of foreign gases on the pl~otocl~emical decomposition of 
cyclohexanone is interesting and unusual, and similar studies on cyclo- 
pentanone might be profitable. 

We wish to thank Dr. E. W. R. Steacie for his constant interest in this work, 
and we are indebted to  Miss Frances Gauthier and Miss June Fuller of these 
laboratories for mass spectrographic analyses. 

1. BENSON, S. W. and K~sTrAKowse~, G. B. J. Am. Chem. Soc. 64: 80. 1942. 
2. R ~ I L L E R ,  A. J. Thesis, University of California, Berkeley, California. 1952. 
3. ROBERTSON, A. and WATERS, W. A. J. Chem. Soc. 1574. 1948. 
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C a n a d i a n  J o u r n a l  o f  C h e m i s t r y  
Issued by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOLUME 32 AUGUST 1954 NUMBER 8 

ROTAMERISM DURING DEMETHYLATION OF THE 
2,5-DIMETHOXY-2,5-DIMETHYL-3,4-DIPHENYLHEXANES' 

ABSTRACT 

'l'he fission of methanol from the diastereomeric 2,5-dimethoxy-2,5-dimethyl- 
3,4-diphenylhexanes leads to products which are best explained in terms of 
restriction about the central carbon-carbon bond. As would be expected from 
its stable conformation the dd,ll diastereonler easily forms the 2,2,5,5-tetra- 
methyl-3,4-diphenyltetrahydrofuran, but the nzeso diastereomer forms a tetra- 
hydrofuran with difficulty. On the other hand the nzeso diastereolner readily 
undergoes Friedel-Crafts types of condensation leading in different media to 
either 3,3-dimethyl-1-isopropenyl-2-phenylindan 3,3-dimethyl-1-isopropyl-2- 
phenylindene or 5,5,10,10-tetramethyI-4b,5,9b,l0-tetrahydroindeno[2,l-a]-indene. 
'I'hese indenes are the expected products from a consideration of the conformation 
of the n~eso-dimethoxydimethyldiphenylliexane which is most free from steric 
restriction. 

'['he two possible diastereomers of 2,5-dimethoxy-2,5-dirnethyl-3,4-diphenyl- 
hexane have been reported (I). One is a liquid (IV), very viscous, which has 
resisted attempts to cause it to  crystallize during three years. Treatment with 
a varietl- of acidic demethylating agents forms only one product, 2,2,5,5- 
tetranletllyl-3,4-diphenyltetrahydrofuran (111). This cyclic ether has been 
preparecl by methylation of the corresponding diol I1 which was synthesized 
from dimethyl dd,ll-diphenylsi~ccinate (I) and methyl iodide Grignard reagent, 
and the oil (IV) therefore must have the same dd,ll  configuration (3). The ease 

\\.it11 n-llich this dd,ll-2,5-din~ethoxy-2,5-dimethyl-3,4-diphenylhexe (IV) 
may be converted to the tetrahydrofuran might have been predicted by 
consideration of the hindrance \vllich would be imposed by the bulky sub- 

LManuscript received February 24, 1954. 
Contribr~tion fronr Department (4 Chemistry, University of Toronto, Toronto, Ont. 
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CsHs 

C(R4e)zQhlc ivleo bl e)2c@ 

C P s  C(Me)?OMe C(hIe)zOMe 

6H 6 CsHs 
1Vb l I rc  

C(hle)rO.\1e - 
I 

C S H ~  C(Me)~oiMe CKHS Me 

stituents. Thus of the three possible rotamers*, IVa, b, c,  that one (IVa) 
which 'might be expected to be in preponderance because of symmetrical 
disposition and minimum in crowding of the substituent group is also the 
rotamer in which pivotal rotation to form dd,ll-I11 would separate the phenyl 
groups (compare IVa with dd,ll-111). 

CsHs CsHs Me 

*The  term "rotamer" (7) seems to 21s so tnuclr more appropriate than "restriction isomer" 
(11) t lu t  we have abandoned the latter term i n  favor of the former. However the concept of ekctro- 
striction i s  implicit i n  a n y  discussion of s these isomers. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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The solicl 2,5-dii11etl1ox~~-2,5-dimetl1yl-3,4-dipl1enyll1exane (V) must neces- 
sarily be the dl,ld (meso) diastereomer. If one examines the structures corre- 
sponding to rotamers i t  is eviclent that the most syn~metrical form (Vb, which 
probably represents all of this diastereomer in the solid form) will have the 
conformation least favorable for cyclization to  the diastereomeric 2,2,5,5- 
tetramethyl-3,4-clipl~enyltetral~ydrofuran (mesa-111). Furthermore conversion 
of either of the enantioineric forms (Va or Vc) to mesa-I11 would be hindered 
to the extent that  pivotal rotation would bring the phenyl groups closer 
together. In consequence it might be expected that this cyclization would occur 
with difficulty; this is found to  be the fact. However the cyclization does occur 
under the unique influence of hydriodic acid in boiling dioxase. The product is 
evidently meso-111 since it contains neither hydroxyl groups nor aliphatic 
unsaturation and its ultraviolet absorption spectruin is almost identical wifh 
that of dd,ll-111. 

This method for preparation of meso-I11 is better than mixtures of hydro- 
bromic and acetic acids which were used by Berman et al. (1) to obtain the 
same compound to  which they did not assign a structure. But it should be 
noted that one of these two methods is required for the formation of 
meso-2,5-dimethyl-3,4-diphenyltetrahydrofuran (111), in contrast to formation 
of the dd,ll diastereomer which occurs in diverse reaction media. . . 

In further contrast the formation of the meso (but not the .dd,Ll) diastere- 
omer I11 is accompanied by a t  least one by-product. The  isolable contaminant 
is 2,5-dimethyl-3,4-diphenylhexadiene-1,5 (VI), the preparatioil of which has 
previously been described ( I )  as the treati~lent of mesa-2,5-dim@thoky-2,5- 
dimethyl-3,4-diphenylhexane (V) with sodium chloride, acetic anhydride, 
and sulphuric acid. 

We have reinvestigated the diene VI and have improved its mode of prep- 
. . .  . ,  

aration by use only of potassium bisulphate and acetic ahhyd'iide. We have 
also confirmed the structure of VI by ozoiioly'sis and by catalyticreductiotl 
(with difficulty) to meso-2,5-dimethyl-3,4-diphenylhexane (VII) ' (8): This 
additional proof has been welcome. One might normally expect that t he  
elimination of two molecules of methanol from V would lead to 2,5-dimsthyl- 
3,4-diphenylhexadiene-2,4 (XII) instead of the nonconjugated 1,5-diene (VI) 
which actually is obtained. But such an expectation does not take into accoufit 

. . , .  the steric aspects of the dieneXI1: 
However our oxidation of the isolated diene VI may explain why the 

conjugated diene was not obtained by demethdn'olation. With chromium 
trioxide in acetic acid four products have been isolated besides unchanged'VI. 
In addition to benzoic acid, two diastereomeric acids have been isolated 2s 
their esters, which conform in analysis with that expectcd for dimethyl ddld,lldL- 
and ddLL,lldd-2,5-din1ethyl-3,4-diphenyladipates. Finally a ketone has been 
isolated in small ainount as  its dinitrophcnylhydrazone; according to analysis 
this is 5-methyl-3,4-diphenylhexen-5-one-2 (~111) .  One might expect this 
partial oxidation product of an ordinary nonconjugated diene. The dimethyl- 
diphenyladipic acids (IX) are unexpected except as one considers the unusual 
oxidations of hindered alkenes such as 1,l-dineopentylethene (X) (4,lO). This. 
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VII I  VI I  X  

compound yields dineopentyl acetic acid (XI) which, like IX,  contains the 
same number of carbon atoms as does the aikene. In view of similar evidence of 
hindrance in our derivatives of diphenylethane it may not be surprising tha t  

Me Me Me H Me . CGHS-C=C(Me)? 
I I I I I 

Me-C-CH2-C-CH2-C-Me-+ Me-C-CHI-C-CHI-C-Me-+ 1 
I I I I I I I C~HS-C=C(Me)? 
Me CH2 Me Me COOH Me 

X X I  XI1  

no method of methanol removal from the 2,5-dimethoxy-2,5-dimethyl-3,4- 
.diphenylhexanes (IV and V) has yet produced the conjugated diene XII.  

The practical preparation of 2,5-dimethyl-3,4-diphenylhexadiene-1,s (VI) 
by potassium bisulphate and acetic anhydride does produce, in trace yield, 
another hydrocarbon of the same empirical formula, but it is not XII .  Instead 
we believe it to  be 1,l-dimethyl-3-isopropenyl-2-phenylindane (XIII) which 
may be prepared more satisfactorily by a two-step reaction. When meso- 
dimethoxydimethyldiphenylhexane (V) is treated with the Lucas reagent 
(equimolar mixture of zinc chloride and concentrated hydrochloric acid) two 
moles of methanol are eliminated and one mole of hydrogen chloride is added. 
We believe the product to be 2-chloro-2-[3,3-dimethyl-2-phenylindanyll- 
propane, XIV. Treatment of XIV with alcoholic sodium hydroxide or alumina 
leads to  the dimethylisopropenylphen ylindane (XIII).  

The empirical formula of XI11 is established as CzoHzz by elemental analysis 
and molecular weight determinations. The presence of the terminal double 
bond has been established by ozonolysis, from which a 35y0 yield of the dime- 
done derivative of formaldehyde may be isolated. This yield, under the con- 
ditions of the entire ozonolysis procedure, indicates one double bond per 
CZoH2, unit (9). Moreover indirect proof establishing the presence of the 
phenylindane nucleus is afforded by examination of a second product obtained 
during preparation of the tertiary chloride, XIV. 

Actually this second product is the major one (40 versus 17%) and like 
XII I ,  has the empirical formula C2oH22. This product, 3,3-dimethyl-2-pheny1- 
1-is~~ropylindene (XV) may also be formed from meso-dimethoxydimethyl- 
diphenylhexane (V) by reflux with 50% hydriodic acid (76y0) or by boron 
fluoride etherate in boiling petroleum ether (60%) or by 90% sulphuric acid 
a t  room temperature (50% yield). This compound has been assigned structure 
XV for several reasons. Firstly it  resists hydrogenation a t  20-50' with either 
platinum or nickel up to 1500 lb. gauge pressure and bromine will not add to 
it, although substitution seems to  occur. Secondly the compound behaves as  
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a highly-conjugated aromatic system: it imparts a deep red color to  tetra- 
nitromethane, and its ultraviolet absorption reseinbles that  of stilbene. In  
conformity with this similarity it reacts with sodium to  form a highly-colored 
adduct in 1,2-dimethoxyethane (3). 

T h e  substance believed t o  be 3,3-dimethyl-I-isopropyl-2-phenylindene (XV) 
does undergo ozonization, bu t  none of formaldehyde, acetaldehyde, or acetone 
can be detected among the products. However a diketone, C ~ O H ~ ~ O ~ ,  has been 
isolated as  its mono 2,4-dinitrophenylhydrazone. Since no carbon atoms are 
lost the keto linkages are evidently the  result of oxidative fission of the  indene 
double bond. In addition t o  this diketone the  ozonization yields an acid be- 
lieved t o  be o-carboxyphenylisopropiophei~oi~e (XVI) on the basis of analysis 
and neutralization equivalent. T h e  keto group in this acid is nonreactive, and 
this property might be expected if XVI  existed in ketol form. If this acid is 
considered to  be an  oxidative degradation product of the diketone then the  
latter may be formulated as  o-isobutyrylphenylisopropiophenone (XVII).  

We believe tha t  this evidence justifies the formulation of 3,3-dimethyl-1- 
isopropyl-2-phenylindene (XV). Since this structure is isomeric with tha t  of 
3,3-dimethyl-I-isopropenyl-2-phenylindane (XII I )  the characterization of X V  
would tend t o  support tha t  of XI I I .  Thus  the formation of XV and (via XIV) 
of XI11 may be presumed to  proceed through an intermediate portrayed for 
convenience as  the electropositive particle XVII I .  T h e  reaction resembles tha t  
by which 1,l-dimethyl-3-phenyl-I-propanol is converted to Ill-dimethyl- 
indane (2) by means of 85% sulphuric acid. 

According to  this postulation the Friedel-Crafts type of cyclization which 
produces XI11 and X V  ought to  continue further through the intermediate 
cation XVII I  (under conditions wherein it was sufficiently stable) t o  form 
5,5,10,10-tetramethy1-4b,5,9b,lO-tetrahydroindeno[2,l-u]indene (XIX).  Ac- 
tually a compound conforming with this analysis and molecular weight may  
be formed by treatment of either XI11 or X V  or  even V with concentrated 
sulphuric acid. However the  tetracyclic X I X  can best be prepared by treat- 
ment of meso-2,5-dimethoxy-2,5-dimethyl-3,4-diphenylhexane (V) with an- 
hydrous hydrofluoric acid. We believe the  tetracyclic structure X I X  to  be 
authentic because no reaction occurs with ozone, because the  ultraviolet 
absorption spectrum closely resembles that  of XI11 and of indane itself, and 
finally because chromic acid oxidation gives the known a,a-dimethylhomo- 
phthalic acid, XX.  

Earlier in this report it has been suggested tha t  bulky substituents on the  
central carbon atoms in diphenylethane tend to  cause restriction about the  
pivotal linkage. According t o  this postulation the most stable (symmet- 
rical) form of meso-2,5-dimethoxy-2,5-dimethyl-3,4-diphenyhexane, Vb, would 
form the cyclic ether, meso-2,5-dimethyl-3,4-diphenyltetrahydrofuran (meso- 
111), with difficulty in contrast t o  the easy conversion of IV to  dd,ll-111. On 
the other hand inspection of structure Vb shows t h a t  this spatial conformation 
is favorable to  removal of methanol by a Friedel-Crafts mechanism via inter- 
mediates which (for purposes of illustration) may be represented by the di- 
cation X X I .  Loss of two protons may thus lead with conformational con- 
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venience to the indane, XIIIa ,  or the indene, XVIa (the latter being con- 
vertible by proton exchange to the former), while the same convenience may 
lead directly by proton loss from XXI  to the indeno-indene (XIXa), also by 
proton exchange from XIIIa.  These Friedel-Crafts processes do not preclude 

VIa 

C-Ate 1 H Ate 

minus 

direct proton loss from XXI to the nonconjugated diene VIa, but it may be 
seen that steric hindrance prevents the coplanarity expected for conjuga- 
tion in the formation of XIIa.  The series of products arising from methanol 
fission from meso-2,5-dimethoxy-2,5-di~nethyl-3,4-diphenylhexane (meso-111) 

2 H a  
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thus are expected ones from the aspect of steric restriction. However the 
specificity in respect of which the several products are formed in different 
reaction media shows that free-cationic structures such as XXI  are probably 
fallacious and are certainly inadequate from the aspect of prediction. Such 
prediction may become possible when more is known about the co-ordination 
complexes of which free-ionic structures such as  X X I  represent a simplif cation. 

E X P E R I M E N T A L *  

meso-2,2,5,5-Tetramethyl-S,4-diphenyltetrahydrofuran (meso-111) 

A solution of 0.5 gm. (0.00153 mole) of meso-2,5-dimethoxy-2,5-dimethyl- 
3,4-diphenylhexane, m.p. 137-138' C., and 0.30 ml. (0.0017 'mole) of hydriodic 
acid (density 1.57) in 7.5 ml. of dioxane was boiled under reflux for eight hours, 
then poured into ice and the solid, m.p. 70-78" C. (0.37 gm., 86%), was filtered 
off. This crude product was extracted with 0.5 ml. of ethanol leaving 
2 mgm., m.p. 159-163' C., of 2,5-dimethyl-3,4-diphenylhexadiene-1,5 (VI). 
Evaporation of the extract left a residue, m.p. 84-87" C., which was heated 
a t  80" C. (10 mm.) for two days. The residue, after this sublimation of im- 
purities, weighed 0.23 gm. (53%), 1n.p. 92-93' C. This compound showed 
neither addition nor active hydrogen in the Grignard machine and it contained 
no methoxyl function. The ultraviolet absorption spectrum comprised a single 
peak a t  260 mp with Em,,,, = 350. The spectrum resembled closely that of 
the dd,ll diastereomer (Em,,,, = 325), except that  absorption was slightly 
greater throughout the curve. 

2,5-Dimethyl-3,d-diphenylhexadienc-1,5 ( VI) 
A solution of 5.0 gm. (0.0153 mole) of meso-2,5-dimethoxy-2,5-dimethyl- 

3,4-diphenylhexane (meso-111) and 2.1 gm. (0.0154 mole) of anhydrous po- 

FIG. l. ------ 3,3-Dimethyl-l-isopropyl-2-phenylindene ( X V )  
meso-2,5-Dimethyl-2,5-dimethoxy-3,4-diphenylhexa11e ( V )  -.- . -2,5-Dimethyl-3,4-diphenylhexadiene-1,5 ( V I )  

FIG. 2. ------ 5,5,10,1~Tetramethyl-4b,5,9b,l0-tetrahydroindeno[2,l-a]indene ( X I X )  
1,l-Dimethyl-3-isopropenyl-2-phenylindane ( X I I I )  

*Melting points Imve been corrected against reliable standards. X-ray diffraction . patterns 
are recorded as  .relative iratensities [ I / I , ]  at d spacings in A using C u K ,  radiation ( N i  filtered). 
Only the strongest lines were recorded. 
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tassium bisulphate in 50 ml. of acetic anhydride was boiled under reflux for 
four hours, then diluted with ice. The  crude precipitate was water-washed, 
3.15 gm., m.p. 90-143' C. I t  was dissolved in 30 ml. of hot absolute ethanol, 
filtered, and cooled, yielding 1.24gm. (31%) of VI, m.p. 161-163' C. A mixture 
melting point with the substance reported previously (I) was not lowered. 
The ultraviolet absorption spectrum is shown in Fig. 1 for an ethanolic solution 
(4.21 X loF5 moles per liter). 

The ethanolic mother liquors were evaporated and the residue, m.p. 67- 
93' C., was sublimed a t  65' C. (8 mm.), yielding 91 nlgm., m.p. 71-74' C. 
(2%), of impure 1,l-dimethyl-3-isopropenyl-2-phenylindan (XIII).  

Oxidation of meso-2,5-Dimethyl-3,4-diphenylhexadiene-5 ( V I )  

A mixture of VI (1.25 gm., 0.0048 mole) and 1.87 g n ~ .  (0.0187 mole) of 
dichromiuin trioxide, 50 ml. of acetic acid and 1.5 ml. (0.0833 mole) of water 
was heated a t  90-100' C. with stirring for one hour, then diluted with 50 ml. 
of water. The insoluble phase was filtered and dissolved in 10 ml. of diethyl 
ether plus 10 ml. of 5% aqueoous sodium hydroxide. The etherous phase, 
washed with water, then dried and evaporated, left 97 mgm., m.p. 137-152' C. 
Crystallization from 1 ml. of absolute ethanol left 53 mgm. (4%) of unchanged 
VI, m.p. 159-162'C. The alkaline phase was acidified with concentrated 
hydrochloric acid. The precipitate, 0.207 gm. (13y0), n1.p. 305-308' C., was 
crystallized from acetic acid (120 ml. per gm.), m.p. 325-326' C. Strongest 
lines of the X-ray powder diagram are: [lo] 4.21, 4.00; [7] 5.71, 4.69,4.48,3.83. 
Neut. equiv. calc. for C20H2204, 163; found, 155. This diastereomer of 2,5- 
dimethyl-3,4-diphenyladipic acid (IX) was converted by etherous diazo- 
methane into the methyl ester, crystallized from methanol, 100 ml. per gm., 
m.p. 108-109' C. Calc. for C22H2604: C, 74.5; H ,  7.39. Found: C, 74.8; 
H ,  7.41. 

The original drowned reaction system from which VI and one diastereomer 
of IX had been removed by filtration was twice-extracted with 25-ml. portions 
of ether. This ether was water-washed and then thrice-extracted with 5-ml. 
portions of 5% aqueous alkali. The etherous phase was then evaporated 
leaving 0.372 gm. of an oil, 50 mgin. of which was treated with 1 ml. of a 
methanolic solution of 2,4-dinitrophenylhydrazine containing hydrogen 
chloride. The dinitrophenylhydrazone of 5-methyl-3,4-diphenylhexen-5-one-2 
(VIII) (30 mgm., m.p. 211-214' C.) was twice-crystallized from 1: 1 ethanol - 
ethyl acetate (0.16 ml. per rngm.), m.p. 230-230.5' C. Calc. for ~ 2 5 ~ 2 4 ~ 4 0 4 :  

C, 67.6; H ,  5.44; N, 12.6. Found: C, 68.2; H,  5.36; N, 12.4. 
The combined alkaline extract of the etherous solution of VIII was acidified 

with concentrated hydrochloric acid. The gummy precipitate (0.475 gm.) was 
removed. The remaining aqueous phase, by ether extraction and sublimation 
after evaporation of the ether, yielded 11 mgm. (2%) of benzoic acid. The  
gummy precipitate was boiled under reflux with 2 ml. of methanol containing 
10 mgm. of 96% sulphuric acid for three hours, then cooled to 0' C. This crude 
second diastereomer of dimethyl 2,5-dimethyl-3,4-diphenyladipate (ester of 
IX),  25 rngm., m.p. 130-140" C., was four times crystallized from 0.5 ml. of 
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methanol, m.p. 163-164.5" C. Calc. for C22H2604: C, 74.5; H ,  7.39. Found: 
C, 74.1; W, 7.45. 

meso-d,5-Dimethyl-3,/t-dipkenylhe.vane (TVI) 

A solution of 80 mgm. (0.000306 mole) of 2,5-dimethyl-3,4-diphenyl- 
hexadiene-1,5 in 10 rill. of absolute ethanol containing 1 gm. of Raney nickel 
catalyst (W-1) was shaken 19 hr. with hydrogen a t  1500 lb. pressure. The  
system was filtered and evaporated, leaving 63 mgm. (79%) of nzeso-dimethyl- 
diphenylhexane, m.p. 149-150.5". A n~ixture melting point with authentic 
material (7) was not depressed. 

dl,ld-d-Chloro-2-[5,S-dimethyl-2-~henylindanyl]-oane ( X I  V) 

A system comprising 1.00 gIn. (0.00306 mole) of meso-2,5-dimethoxy-2,5- 
dimethyl-3,4-diphenylhexane (meso-111) and 4.1 gm. (0.03 mole) of zinc 
chloride in 2.5 ml. (0.03 mole) of concentrated hyclrochloric acid was stirred 
for 12 hr. The oily solid was taken up in 15 ml. of petroleum ether (b.p. 40- 
60" C.); the solution was washed thoroughly with water, then dried, and 
evaporated. The crude 3,3-dimethyl-1-isopropyl-2-phenylindene (XV, 0.861 
gm.) was crystallized from 5 ml. of hot methanol, 0.322 gm. (40%), m.p. 67- 
68" C. A mixture melting point with the compound described later in this 
report was not depressed. 

The methanolic filtrate was diluted to a volume of 10 ml., chilled to-80°C., 
and filtered to  separate 0.16 gm. (18%) of the crude chloro compound XIV, 
m.p. 78-83" C. After two recrystallizations it melted a t  89-90.5" C. and still 
gave a positive halide test with alcoholic silver nitrate. Calc. for C20H23C1: 
C,  80.4; H ,  7.76. Found: C, 79.7; H ,  7.85. 

3,s-Dimethyl-1-isopropenyl-2-phenylindane (XI I I )  

A. From X I  V with Alcoholic Alkali 
A solution of 0.23 gm. (0.01 atom) of metallic sodium in 3 ml. of absolute 

ethanol was combined with 0.07G gm. (0.000255 mole) of XIV in 1 ml. of the 
same solvent and boiled for two hours under reflux, then cooled, and diluted 
with 50 nll. of water. After slow separation the crude dimethylisopropenyl- 
phenylindane (XIII) ,  66 mgm. (99%), m.p. 67-73' C., was crystallized from 
hot methanol (1 ml. per gm.), m.p. 76-77' C. Mol. wt. (Rast) was calculated 
as 262; found 258. The X-ray powder pattern was: [lo] 5.40, 5.18; [5] 3.80; 
[4] 6.32, 4.46, 4.07, 3.66. Calc. for C2oH22: C,  91.5; H ,  8.45. Found: C,  91.7; 
H, 8.61. 
B. From X I V  with Alumina 
The crude reaction product from the preparation of XIV described above 

(0.837 gm.) was dissolved in 5 ml. of petroleum ether (b.p. 40-60" C.). This 
solution, on a 1.5 X 45 cm. colun~n of alumina, was eluted with the same 
solvent yielding 0.486 gm. (61%) (75 ml. eluent) of 3,3-dimethyl-1-isopropyl- 
2-phenylindene (XV, m.p. 67-69" C.), 0.080 gm. (25 ml. eluent) of inter- 
mediate fraction, m.p. 50-65" C., and 0.242 gnl. (30%) (100 ml. eluent) of 
3,3-dimethyl-1-isopropenyl-2-pl~enylindane (XIII ,  m.p. 73-75' C.). The ultra- 
violet absorption spectrum of XI11 is shown in Fig. 2. 
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Ozonization of S,S-DimekhYl-1-isopropenyl-2-phenylindan (XIII) 
A solution of 0.102 gm. (3.88 X mole) of XI11 in 6 ml. of pre-ozonized 

and purified carbon tetrachloride was treated with 1.8 liters of 6% ozonized 
oxygen a t  0' during 100 min. The solid ozonide was hydrolyzed with 20% 
acetic acid and 150 mgm. of zinc dust in the carbon tetrachloride medium at 
40-50°C. with a stream of nitrogen bubbling through. No acetone could be 
detected in the effluent gas by acid-inethanolic 2,4-dinitrophenylhydrazine. 
The nonaqueous layer was removed. 

The aqueous layer was distilled almost completely and the distillate ad- 
justed to pH 4.0-4.5 with acetic acid and sodium hydroxicle; tlien 0.1 gm. of 
dimedone in 30 ml. of water was added. The precipitate, methylene-bis- 
dimethyldihydroresorcinol, weighed 0.386 gm., m.p. 188-189" C., mixture 
melting point with authentic material not lowered. Yield of formaldehyde is 
thus 34.6% based on one methylene group per mole of XIII .  

3,3-Dimethyl-I-isopropyl-2-phenylindene (X V )  

A system comprising 5.0 gm. (0.0153 mole) of meso-2,5-dimethoxy-2,5- 
dimethyl-3,4-diphenylhexane (meso-111) and 70 ml. of hydriodic acid (density 
1.54) was boiled under reflux for 12 hr., then poured into ice. The crude 
product, 4.12 gm., m.p. 55-62' C., was dissolved in 10 ml. of hot methanol 
and the solution was cooled to 0' C. The crystals, 3.06 gm. (76y0), m.p. 68.5- 
69.5' C., were recrystallized from hot methanol (2 ml. per gm.), m.p. 69-70' C. 
Calc. for CzoHZ2: C, 91.5; H ,  8.45. Found: C,  91.3; H,  8.65. 

The X-ray powder pattern of XV is: [lo] 4.19; [9] 4.72; [8] 7.49, 6.96, 6.15, 
5.71. The ultraviolet absorption spectrunl in absolute ethanol (4.32 X 
moles per liter) is shown in Fig. 1. meso-I11 may also be converted to XV in 
soy0 yield by 90% ssulphuric acid a t  25' C. or in 60% yield by boron fluoride 
etherate in boiling petroleum ether (b.p. 40-60' C.). 

Disodiz~m Adduct of X IT 

A solution of 0.26 gm. (0.001 mole) of dimethylisopropylpl~enylindene (XV) 
in 7 ml. of 1,2-dimethoxyethane was shaken with 0.10 gm. (0.0041 atom) of 
sodium under nitrogen. A deep red color appeared a t  once. After three days 
the system was treated with gaseous carbon dioxide; then the dimethoxyethaile 
was vacuum-evaporated and replaced with 10 ml. each of diethyl ether and 
water. The etherous phase, water-washed, dried, and evaporated left 0.13 gm. 
(50%) of an oily solid which, crystallized from 2 ml. of methanol, gave 50 mgm. 
(19%) of unchanged XV. 

The alkaline phase was acidified with concentrated hydrochloric acid to 
precipitate 0.13 gm., m.p. 156-175' C. From this mixture was isolated a few 
milligrams of pure compound by crystallizatio~~ from 85: 15 petroleum ether 
(b.p. 60-70' C.) - benzene (30 ml. per 'gm.), m.p. 203-204' C. Calc. for 
Cz1HzaOz: C, 81.7; H, 7.85. Found: C, 81.8; H, 8.04. According to this analysis 
the compound is 3,3-dimethyl-1-isopropyl-2-phenyl-1 or 2-indanecarboxylic 
acid. However if the hydrogen value were slightly in error the compound could 
be 3,3,3',3'-tetramethyl-1, l'-diisopropyl-2,2'-dipl~enylbiindanyldicarboxylic 
acid. 
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Ozonization of X V 
A solution of 1.04 gm. (0.004 mole) of XV in 25 ml. of preozonized and 

purified carbon tetrachloride was treated with 4.1 liters of 5% ozonized oxygen 
during three hours. The solvent was vacuum-evaporated and the residual oily 
ozonide was hydrolyzed by heating i t  under reflux with 15 ml. of water, 
300 mgm. of zinc dust, and 1 mgm. each of hydroquinone and silver nitrate. 
The  mixture was filtered, the zinc was washed with 15 ml. of benzene, and the 
phases were separated. The  aqueous phase was warmed to  40-50' and a 
stream of nitrogen was bubbled through it. No acetone in the effluent could be 
detected by dinitrophenylhydrazine reagent. The  aqueous layer was then 
distilled, but dimedone showed the absence of any formaldehyde in the 
distillate. 

The  benzene phase was extracted once with 10 rill. of 10% aqueous sodium 
hydroxide and twice with 5-ml. portions of water. The combined extracts were 
acidified with concentrated hydrochloric acid, precipitating 0.130 gm., m.p. 
173-190" C. This  crude o-carboxyphenylisopropiophenone (XVI) was crystal- 
lized from 2 ml. of benzene, 0.115 gm. (ll%), m.p. 208.5-209.5' C. Potentio- 
metric titration showed K A  = 4.5 X lop7. Calc. for CliH1603: C ,  76.1; H ,  6.01; 
neut. equiv., 268. Found: C ,  75.8; H, 6.04; neut. equiv., 256. The  mother 
liquor from the crystallization yielded 1% of benzoic acid. 

The  benzene phase from which XVI was alkali-extracted was dried and then 
evaporated. When the oily residue (0.956 gm.) was treated with excess acid- 
mtthanolic 2,4-dinitrophenylhydrazine a derivative (0.446 g n ~ . )  was obtained, 
m.p. 201-203' C. This dinitrophenylhydrazone of o-isobutyrophenylisopropio- 
phenone (XVII) was crystallized from acetic acid (20 ml. per gm.),  111.p. 206- 
207'C. Calc. for C26H26N4o6: C ,  65.8; H ,  5.52; N ,  11.8. Found: C ,  65.3; H ,  
5.51; N ,  11.9. 

When the ozonide of XV was heated in water alone (oxidative hydrolysis) 
a 28% yield of benzoic acid and a 13% yield of XVI was isolated, but none of 
the carbonyl-containing XVII  was found. If, instead of ozonization, XV was 
oxidized with sodium dichromate - sulphuric acid in acetic acid the only 
isolable product was XVI. 
5,5,10,1 O-TetrameLhyl-4b,5,9b,lO-tetrahydroinden0[2,l -a]indene (XIX)  

A. From meso-I l l  and Concentrated Sulphuric Acid 

The meso-2,5-dimethoxy-2,5-dimethyl-3,4-diphenylhexane (meso-I1 I ,  0.50 
gm., 0.00153 mole) was added t o  5.0 ml. of concentrated sulphuric acid a t  
25' C. A bright red color appeared and an oil separated which crystallized 
after seven hours. T h e  system was drowned with ice and the crude solid 
(88 mgm., 22y0, m.p. 78-79' C.) was crystallized from 0.5 ml. of hot methanol, 
51 mgm. of X I X ,  m.p. 82-83' C. Variation in time, temperature, or amount of 
sulphuric acid did not alter the yield. Calc. for C20H22: C, 91.5; H,  8.45; 
Mol. wt. (Rast),  262. Found: C, 91.5; .H, 8.62; mol. wt. (Rast), 270. 

B. From meso-111 and Hydrogen Fluoride 

The meso-I11 (2.50 gm., 0.077 mole) was added t o  160 gm. of liquid hydrogen 
fluoride at -80' C. in a polythene bottle. A bright orange color developed. 
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The mixture was stirred for three to five hours a t  0' C. and then was poured 
into ice. The aqueous mixture was extracted with 100 ml. of cliethyl ether. 
This extract was washed with 10% aqueous alkali, then with water, and dried. 
The residue left by ether evaporation (1.93 gm., m.p. 70-77" C.) was crystal- 
lized from 7 ml. of hot methanol, 1.47 gm. (73y0), m.p. 82-83' C. No reduction 
was apparent when the product was boiled for three hours with an excess of 
sodium in ethanol. X I X  was also recovered after treatment with ozone. The  
ultraviolet absorption spectrum of X I X ,  Fig. 2,  resembles that of indane when 
determined in absolute ethanol (5.30 X moles per liter). 

C. From Dimethylisopropenylphenylindane ( X I I I )  and Sulphuric Acid 
When 31.1 mgm. (1.19 X l op5  mole) of X I  I I was added ta 3.0 ml. of 96% 

sulphuric acid a t  0' C. it  liquefied and a yellow color appeared. After six hours 
the oil solidified. The solid obtained after drowning with ice weighed 10.6 mgnl. 
(34%), m.p. 81-82" C., mixture melting point with material from A and B not 
lowered. 

D. From Dimethylisopropylphenylindene ( X  V )  and Sulphuric Acid 

The hydrocarbon (XV, 10 mgm., 3.9 X l op3  mole) was added to 0.10 ml. 
of 96y0 sulphuric acid a t  20" C. A yellow color appeared but the solid did not 
liquefy rapidly. After five hours ice was added and the solid filtered, 2 mgm., 
m.p. 79-80' C. A mixture melting point with material prepared according to 
A ,  B, or C was not lowered. The product was recovered: 99% after one day 
a t  15 Ib. hydrogen pressure with Adams' platinuin catalyst, 75y0 after 
shaking with Raney nickel catalyst (W-2) a t  1500 Ib. hydrogen pressure either 
a t  25' C., 55' C., or 80' C. 

Bromination of Tetramethyltetralzydroindenoindene ( X I X )  
A solution of 0.52 gm. (0.002 mole) of X I X  in 20 1n1. of carborl tetrachloride 

with 0.64 gm. (0.008 mole) of bromine became colorless after eight hours and 
0.64 gm. (0.0051 mole) of hydrogen bromide was evolved. Evaporation of the 
system left 0.801 gm. which was crystallized from benzene (20 ml. per gm.) 
finally to melt a t  313-314' C. Elemental analysis showed the corllpound to 
contain bromine although it would not react with alcoholic silver nitrate. 
The X-ray diffraction powder diagram was: [ lo]  5.68, 5.52; [9] 3.33; [6] 6.25, 
6.00, 3.85, 3.75. Calc. for CaoHlsBrz: C, 57.4; H, 4.34. Found: C, 58.0; H, 4.46. 

The first mother liquor from the benzene crystallization was evaporated 
and treated to get a steam distillate, 0.22 gm., m.p. 75-105' C. Repeated 
crystallization from petroleum ether (b.p. 60-70' C., 15 ml. per gm.) and from 
absolute ethanol (15 ml. per gm.) left 10 rngm., 1n.p. 206-207' C. Calc. for 
CzoH19Br: C, 70.8; H, 5.64. Found : C, 70.7; H, 5.78. 

Oxidation of Tetrametlzyltetrahydroindenoindene ( X I X )  
Either hot aqueous nitric acid or potassium permanganate seems to be 

inadequate as an oxidizing agent for XIX,  but chromic acid is effective. A 
mixture of 12.0 gm. (0.04 mole) of sodium dichromate dihyclrate in 43 ml. of 
50 volume per cent aqueous sulphuric acid and 30 ml. of acetic acid was 
stirred for 20 hr. with 2.08 gm. (0.008 mole) of XIX.  
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The systein was then diluted ivith 50 rill. of water ancl extracted with 70 
and then 20 inl. of diethyl ether. The etherous phase was washed with water, 
then extracted with alkali followed by water. The etherous phase was then 
dried and evaporated, leaving 1.05 gm. of gum which was crystallized from 
5 ml. of hot absolute ethanol, 0.32 gm. (13y0), m.p. 203-205' C. (after re- 
crystallization, 205-205.5"C.). Calc. for C20H2003: C, 77.9; H,  6.53. Found: 
C, 78.3; H, 6.65. This product of unknown structure was recovered unchanged 
after long heating with hot 15y0 alkali in which it was insoluble. I t  reacted 
neither with hot hydrogen bromide in acetic acid nor with hydrogen in presence 
of Adams' platinum catalyst. I t  was also inert toward chromic acid and 
permanganate (in acetone) oxidation. 

Evaporation of the mother liquor from the ethanolic crystallization of the 
1.05 gm. of gum left a residue, n1.p. 60-70" C., which was extracted with 10 ml. 
of hot petroleum ether (b.p. 40-60" C.). When cool the insoluble portion 
(0.288 gm.) melted a t  180-206" C. while the solution, evaporated, left 0.508 
gm., m.p. 65-75" C. The latter was crystallized from 2 ml. of hot methanol, 
0.354 gm. (17y0) of unchanged XIX,  m.p. 82-83.5" C., mixture melting point 
not depressed. The 0.288 gm. portion was crystallized froin 2 ml. of benzene, 
0.035 gm., m.p. 236-240" C. For analysis this was crystallized from 1 ml. of 
methanol, m.p. 237-238.5" C. Calc. for CzoHzz03: C, 77.4; H, 7.14. Found: 
C, 77.4; H, 7.26. 

The alkaline extract of the original ether solution was acidified with concen- 
trated hydrochloric acid and then extracted with diethyl ether. This extract, 
dried, was evaporated, leaving 0.16 gm. which was sublimed a t  100' C. 
(8 mm.) for 40 hr. The sublimate, 0.0983 gm., m.p. 65-72" C., was fractionally 
resublimed a t  80" C. (10 mm.) to obtain an intermediate fraction, 52 mgm. 
@yo), m.p. 75-78' C. Crystallization of this cr~ide dimethylhomophthalic 
anhydride from petroleum ether (b.p. 40-60" C., 10 ml. per gm.) raised the 
melting point to  80-81" C. Calc. for CllH1003: C, 69.5; H, 5.30. Found: C, 
69.5; H, 5.30. This anhydride (5 mgm.) was dissolved in 0.5 ml. of 3% aqueous 
sodium hydroxide, then acidified with 0.05 ml. of concentrated hydrochloric 
acid, yielding the dimethylhomophthalic acid (XX, n1.p. 126-127.5" C.). 
Vacuum resublimation converted X X  to the anhydride. The alkaline solution 
of the anhydride was potentiometrically titrated with hydrochloric acid, 
equivalent weight, 94.6 (calc., 95.1), approximately K A ,  = 2.5 X 
K A ,  = 5.6 X When the anhydride (5 mgm.) was dissolved in 1 ml. of 
10% aqua ammonia and the solution was evaporated to dryness, either the 
acid-amide or the diamide must have been formed (m.p. 165-173' C.) ; it was 
sublimed a t  200' C. (8 mm.), m.p. 105-109" C. This crude homophthalimide, 
after two crystallizations from 0.25 rill. of water, melted at 118-119" C. The  
melting point reported previously (5, 6) is 119-120" C. 

When the ratio of XIX to oxidizing agent was decreased the amount of 
Cz0H2o03 was increased to 14y0 while none of the dinlethylhomophthalic 
anhydride could be isolated. In contrast, increase of the ratio increased the 
yield of the anhydride to 7%. 
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DIELECTRIC RELAXATION IN  CELLULOSE CONTAINING 
SORBED VAPORS1 

ABSTRACT 

The dielectric constant and dielectric loss factor were measured in a dispersion 
region for a paper of high cellulose content. The complex arrang-ement of the 
paper in the n ~ e a s u r i ~ ~ g  condenser did not effectively alter the position of the 
dispersion region of the paper itself, as shown by electrical analysis. From this 
analysis equations were derived from whi'ch the dielectric constant and maxi- 
mum dielectric loss factor of the cellulose fiber were evaluated for varying 
amounts of sorbed water, methanol, and ethanol. The effect of each of these 
vapors on the position of the dispersion region was studied, measurements being 
perfornled over a range of frequency of 10 to 1000 kc.p.s., and a range of 
temperature of -58 to 2G°C. A typical plasticizing action was observed in all 
three cases. This was confirmed from an analysis of the data using the theory 
of absolute reaction rates. 

INTRODUCTION 

The effect of sorbed vapors of polar compounds, particularly water, on various 
properties of cellulose has been extensively investigated. This communication 
describes a study of the influence of sorbed water, methanol, and ethanol on 
the dielectric properties. By analogy with other polymer systems, it was 
considered tha t  the pronounced swelling action of these vapors would be 
reflected by definite changes in the dielectric relaxation times and related 
properties. 

I t  is convenient to characterize the effective dielectric constant E in terms 
of its vector components by the relation: 

E = € 1  - ie t i  
where E' is the usual dielectric constant and E" is the loss factor. The  angular 
frequency w,,,, a t  which E" a t  a given temperature is a t  a maximum may be 
used t o  define a temperature-dependent relaxation time T defined by: 

a measure of the ease of oscillation of the dipoles involved. This may be 
measured as  well by the temperature T,,, a t  which E" a t  a given frequency is a t  
a maximum. 

In general, log T is an approximately linear function of the reciprocal of the 
absolute temperature. This suggests an energy term which Eyring (16) 
expresses in the form : 

'Manatscript receiz'ed Marck 25, 1954. 
Contribution from the Pulf i  and Paper Research Institute of Canada and the Deparlnzent of 

Chemistry, ~VlcGill C'niversiti Montred,  Quebec. 
4Holder of a Fellozcsl~ip from the National Research Council of Canada. 
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where k and h are Boltzmann's and Planck's constants, respectively, and AF* 
is the free energy of activation for dielectric relaxation. This can be rewritten 
as : 

where AS* and AH* are the corresponding entropy and enthalpy for clielectric 
relaxation. 

Investigations have been made on rubber swollen in both polar ancl non- 
polar solvents (24). From measurements a t  constant frequency, it was found 
that  T,, was shifted in varying degree to lower temperatures by  increases in 
concentration of swelling agent; a t  the same time there was a decrease in AH*.  
Similar effects were produced in polyvinyl chloride by tetralin (15), dipl~enyl 
(14), and tricresyl phosphate (7), in polycaproamide by  water ancl methanol 
(12), and in starch by water (20). On the other hand, the vulcanization of 
rubber with increasing amounts of sulphur is accompanied by regularly 
increasing values of AII" and AS* (19,25). Stoops (26) measured the dielectric 
relaxation in d ry  cellophane. An analysis of his da ta  shows no significant 
difference in the values of T whether calculated from da ta  obtained a t  constant 
temperature or a t  constant frequency. There is no reason why this should not 
also be the case for other forms of cellulose. 

Because of the softening action of water on cellulose, it was reasonable to 
assume tha t  sorbed moisture facilitates dipole rotation and thus appropriately 
shifts the position of maximum absorption. Limited data  on this effect has 
been reported, but  the results appear to be contradictory. 

Dakin and Auxier (6) ~neasured the clielectric constant and dissipation 
factor of commercial papers as a function of frequency a t  28OC. When observ- 
able, the frequency of maximum absorption was unaffected by the moisture 
content. Similar measurements by Henniger (17) a t  -5°C. for paper with 
moisture contents of 0 and 5.6% gave the same general results. 

On the other hand Veith (28) measured the dissipation factor of paper at 
different moisture contents as a function of temperature over the range 0 to  
40°C. a t  fixed frequencies. The  temperature of maximum loss, observed only 
a t  the highest experimental frequency, 100 kc.p.s., appeared to  decrease with 
increasing moisture content. 

In view of this conflicting evidence further investigation appeared desirable. 
I t  was decided to  work with a purified form of cellulose in order to eliminate 
effects due to high loss impurities. The working frequencies chosen were such 
that  absorption regions appeared in the temperature range -60 to 25°C. 

EXPERIMENTAL 

Dielectric Cell 
The  cell in  n-hich the dielectric measurements were made was designed so 

that  the amount of vapor sorbed by the cellulose could be syste~natically 
varied. I t  consisted of two concentric pyrex cylinders connected a t  a standard- 
taper ground-qlass joint A (Fig. I ) .  Platinum electrodes were deposited on the 
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FIG. 1. Dielectric cell. 

glass wall on each side of the annular space and were connected to the lead 
wires B and C through platinum seals. Four buttons of glass sealed both above 
and below the electrode on the inner cylinder served as spacers for the sample. 
The cell could be connected via the standard joint on the side arm to a vapor 
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conditioning system, access of the vapor to the sample being through E and F 
to  both ends of the annular sample space. 

The cell was calibrated with dry benzene a t  25.0°C. Assuming the dielectric 
constant of benzene a t  this temperature (3) to be 2.274, the geometric capaci- 
tance, C,, was found to  be 68.0 ppf., while the extraneous capacitance, Co, 
including leads, was 9.0 ppf. 

The cell was connected to the measuring circuits using a system of leads 
having a minimum length and a fixed geometry. 

Electrical Apparatus 
Measurements of capacitance and equivalent a-c. conductance a t  1 and 0.55 

Mc.p.s. were made using a General Radio Type 821-A Twin-T Ilnpedance 
measuring circuit, necessary corrections being made for residual impedances, 
as described elsewhere (13). A General Radio Type 716-C Schering bridge was 
employed for measurements a t  lower frequencies. D-c. resistance measure- 
ments were made with a General Radio Type 1861-A Megohmmeter; the con- 
tribution of the d-c. conductance to  the a-c. loss was negligible and no cor- 
rection for this effect was found necessary. 

Materials 
The cellulose investigated was a sample from SchIeicher and Schuell No. 589 

Red Ribbon quantitative filter paper having an ash content of 0.00770. 
Microscopic examination of the paper indicated it to be a rag furnish containing 
75y0 linen fiber and 25y0 cotton. The analysis was as follows: 

a-cellulose 98.4% 
pentosan 1.1% 
cupriethylene diamine viscosity 15.7 centipoises 

Saturated aqueous solutions of potassium acetate, magnesium chloride, and 
potassium carbonate were used for conditioning the sample to different water 
contents. 

Absolute ethanol and absolute methanol were dried according to the method 
of Lund and Bjerrum (21). 

Method 
The vapor content was determined on a separate sample of paper to within 

0.1% using a quartz spiral mounted in a sorption cell which could be connected 
to the dielectric cell and/or the tube containing the vapor source, all three 
being maintained a t  25.00 f 0.05"C. in a water bath. In this way the paper 
suspended from the spiral could be subjected to  the same experimental condi- 
tions of temperature and relative humidity as the paper in the dielectric cell. 

Throughout this work the amount of sorbed vapor was always taken up in 
the direction of increasing vapor contents. 

A strip of paper was tightly wrapped around the inner cylinder of the 
dielectric cell between the spacers and held in place by means of a spot of 
Glyptal cement. The cell with the paper fitting snugly into the annular space 
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was assembled and evacuated a t  25.00 f 0.05OC. for a pcriod of 20 hr. Paper 
conditioned in this way is considered to be dry, although it is pointed out that a 
small quantity of water probably remained, amounting to as much as 0.4% 
(29, 30) which would require more drastic nlethods for removal (18). 

A series of dielectric measurements (described below) was carried out. 
The ceIl was then exposed to the potassium acetate solution for 48 hr. to 

establish equilibrium, disconnected, and dielectric measurements carried out as 
before. This procedure was repeated for each of the other salt solutions. 

The dielectric runs were carried out a t  fixed frequencies. A delvar flask filled 
with toluene and fitted with a small variac-controlled heater served as bath 
for the cell. Some of the runs were performed by going up the temperature 
scale, others by going down, cooling being accomplished by means of dry ice. 
By determining a complete cycle a t  a single frequency, it was shown that there 
was no temperature hysteresis. Some slight exception to this was found in the 
work with methanol and ethanol, and will be described later. 

With dry paper, in vacuo, a marked temperature hysteresis was observed. 
This resulted from the low thermal conductivity in the evacuated cell. The 
effect was eliminated by introducing a small amount of dry nitrogen gas, which 
served as  a heat conductor. 

In the experiments with methanol and ethanol it  was necessary to avoid 
continuous exposure of the stopcocks in the conditioning system to alcohol 
vapors over the long periods (several weeks) necessary for a complete series of 
measurements with a given vapor. Furthermore, since methanol (23), and 
presumably ethanol, cannot be completely removed from cellulose by evacu- 
ation a t  room temperature, it appeared desirable to  use as reference for the 
measurements not only the paper in a dry conditioil but paper containing these 
tightly held portions of alcohol as well. The following modifications of the above 
procedure were accordingly adopted. 

Methanol vapor admitted to the conditioning system a t  a pressure of 60 mm. 
was allowed to remain in contact with the previously dried paper for two 
hours and the system was then evacuated over a second period of two hours. 
This process was repeated twice, the final evacuation being extended over a 
period of 12 hr., when the methanol content was 1.7%. After a series of di- 
electric measurements was performed, the paper was conditioned to  a methanol 
content of 2.5% and a further series of dielectric measuremeilts was made. 
The paper was then subjected to a further process of alternate methanol con- 
ditioning~ up to a methanol content of 7.0%. Before each conditioning, air was 
admitted to the system to permit regreasing of stopcocks, after which evacu- 
ation was carried out over a period of 12 hr., as before. With one exception, 
the amount of tightly bound methanol determined after the evacuation was 
always reproducible within experimental error. 

After the experiments on methanol were completed, the residual alcohol was 
removed following the method of Russell, Maass, and Campbell (23). Water 
vapor was admitted to the system a t  100% R.H. and was allowed to remain in 
contact with the paper for several hours. The system was then evacuated over 
a period of 15 hr., water vapor was readmitted, and the evacuation was repeated. 
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The net amount of sorbed vapor after this treatment was 0.2%; assuming this 
to be methanol 85% of the residue was therefore removed. 

The paper was next conditioned to  an ethanol content of 8.5% and the 
dielectric measurements were made. Evacuation of the system for six hours 
left 2.3% residual ethanol, none of which was removed after a subsequent 
evacuation lasting 14 hr. Dielectric measurements were performed a t  this 
ethanol content as well as a t  4.6 and 6.9y0. For reasons to be mentioned later 
these runs were all performed over a complete temperature cycle. 

Two samples of paper were employed for dielectric measurements in the 
course of this work. Sample No. 1 was used for the work on water and No. 2 
for the work on methanol and ethanol. The dimensions of the samples as  well 
as the appropriate volume fractions are presented in Table I. 

TABLE I 
SAMPLE DIMENSIONS AND VOLUME FRACTIONS IN DIELECTRIC CELL 

Paper Dry Paper 
Sample Length Width thickness Volume weight density Vol. fraction 

No. (in.) (in.) (in.) (cc.) (gm.) (gm./cc.) in cell (6) 

Volume of interlectrode space = 3.81 cc. 

RESULTS 

Water-Cellulose 
The measured electrical values are expressed in terms of the dielectric con- 

stant and loss, ~ ' 2  and E " ~ ,  of the composite of multiple layers of paper as  
arranged in the dielectric cell. ~ ' 2  is equivalent to the term "dielectric value" 
employed by Tausz and Rumm (27) and Brown (4). 

Results were obtained for water contents over the range 0 to 5.3y0 a t  fre- 
quencies between 30 and 1000 kc.p.s. These are presented as a function of 
temperature in Figs. 2a and 2b. Upon examination of the data certain salient 
trends are observed a t  once. 

The temperature coefficient of is always positive. At the same time 
absorption regions occur a t  the temperature Tm where ~ " 2  passes through a 
maximum value. At a fixed moisture content a decrease in frequency causes a 
shift of Tm to lower temperatures and an increase in ~ ' 2  a t  a particular tempera- 
ture. Similar effects are shown for dry paper in Fig. 3, and are qualitative 
indications of dielectric relaxation due to dipole orientation according to  the 
Debye theory (8). 

Sorbed water produces interesting variations in the data. ~ ' 2  increases as  has 
been observed previously (2, 4, 9, 27, 28). This follows logically from the high 
static dielectric constant of water, 80, compared with G for cellulose. In agree- 
ment with Veith (28) the effect is more pronouilced a t  the higher temperatures. 
At the same time moisture causes a distinct increase in ( E ' ' Z ) ~ ~ ~  (see below). 
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FIG. 2a. Dielectric dispersion a t  1 Mc., 0.55 Mc., and 100 kc. of paper containing sorbed 
water a t  the inscribed percentages. C
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SEIDMAN AND MASON: DIELECTRIC RELAXATION 

FIG. 2b. Dielectric dispersion a t  30 and 10 kc. of paper containing sorbed water a t  the 
inscribed percentages. C
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1.251 I I I I I I 
-60 -40 -20 0 20 40 

TEMPERATURE (oc.) 

FIG. 3. Dielectric dispersion of dry paper a t  the inscribed frequencies. 

The most significant feature of the results is the shift of T,  toward lower 
temperatures by an increase in moisture content. This effect, similar to that  
produced by a lowering in the frequency a t  constant moisture content, signifies 
a decrease in the restriction to rotation, as observed previously in several 
other systems (7, 14, 20, 24). T,  for dry paper a t  1 Mc. was 10°C., compared 
with 16°C. determined from Stoops' data (26) for dry cellophane a t  the same 
frequency. The difference may be due to the residual moisture in the dry paper 
as defined above, Stoops having dried his sample by heating a t  105OC. 

A high temperature increase in ~ " 2  is observed a t  the lower frequencies and 
the higher moisture contents. Assuming that  the fractional d-c. loss is the same 
for paper as for the compound dielectric studied here, it is impossible to explain 
the high temperature rise in the loss curve in terms of ionic conductance, since 
there is no appreciable contribution of d-c. conductance to the measured a-c. 
losses. At the same time it was not experimentally feasible to establish whether 
a second dispersion region a t  a higher temperature exists such as has been 
observed with terylene (22). 
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Results were obtained for methanol contents of 0.0 to 7.0% a t  100, 200, 550, 
and 1000 kc.p.s. The results are not reported in detail since the general effect 
of methanol on the dispersion region was similar to that  of water. There were, 
however, several significant differences in degree. For example, the rate of 
increase of ( E " ~ ) , , ,  with vapor content was significantly smaller for methanol 
than for water, a result to be expected if the dispersion region is due to hydroxyl 
groups, of which there are fewer per gram of methanol than per gram of water. 
This point is discussed below. The more pronounced effect due to water was 
observed as well for the rate of increase of ~ ' 2  with vapor content a t  a particular 
temperature and frequency and for the high temperature rise in 2 ' 2 .  The latter 
is apparent in the loss curves a t  100 kc. for the two cases (Figs. 2a and 4a). 

In addition a characteristic break appears in the loss curves for methanol 
between -20 and - 10°C. The effect becomes more marked a t  increased metha- 
nol contents as shown in Fig. 4a. There is no correspondiilg break in the di- 
electric constant curves (Fig. 4b). Furthermore, the effect appears o~l ly  in the 

- 
-60 -40 -20 0 20 40 

TEMPERATURE ( O C ~  
-60 -40 -20 0 20 40 

TEMPERATURE (OC) 

FIG. 4a. Dielectric loss a t  100 kc, of paper containirig sorbed methanol a t  the inscribed 
percentages. 

FIG. 46. Dielectric constant a t  100 kc. of paper containing sorbed methanol a t  the inscribed 
percentages. 

cases where the runs were performed by cooling. I t  is not observed where T,  
occurs in or near the temperature range of break, as in the runs a t  550 and 
1000 kc.p.s. 
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Ethanol-Cellulose 
Measurements were made a t  ethanol contents of 0.0 to 8.5% a t  .loo, 200, 

550, and 1000 kc.p.s. After completion of the runs on paper containing 8.5% 
ethanol, it was decided that each subsequent run be performed over a complete 
temperature cycle in order to determine the existence and the nature of the 
effect described above for methanol. The results a t  100 kc. for paper containing 
4.6% ethanol are shown in Fig. 5 and represent this effect in a typical fashion. 

COOLLNG BRANCH \.j - - - - - - - t---- A HEATING " 

-60 -40 -20 0 20 40 
TEMPERATURE (oc.) 

FIG. 5. Dielectric dispersion at 100 kc. of paper containing 4.6% ethanol. 

I t  appears to be a hysteresis of some kind occurring over the temperature 
range -20 to 20°C. As in the case of methanol the break in the curve obtained 
by cooling occurs in the range -20 to - 10°C., and there is no corresponding 
irregularity in the e l z  curves. In other respects, the results for ethanol stood in 
the same relation to those for methanol as the latter did to those for water. No 
high temperature increase in e"z was observed in any of the ethanol curves. 
I t  was found that when (eU2),,, was plotted against vapor content the plots 
were linear within experimental error; furthermore, there was a characteristic 
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slope for each vapor, the same value being obtained a t  each of the frequencies 
used. The slope signifies the increase in loss due to one gram of vapor per 100 
gm. dry cellulose. 

In Table I1 the increase in loss due to  1 gm. of hydroxyl in water, methanol, 
and ethanol is shown. The agreement among the three values is surprisingly 

TABLE I1 
INCREASE I N  (e"~),,, FOR CELLULOSE DUE TO 
THE HYDROXYL GROUPS OF THE SORBED VAPOR 

Deviation Molecular Deviation 
Vapor Loss per from mean, weight of Loss p e r  from mean, 
sorbed gm. vapor % vapor gm. OH % 

Water 
Methanol 
Ethanol 

Mean = 0.00127 Mean = 0.0020 

good when one considers that the logical basis for comparison should be the 
area under the ~ " 2  curves rather than (~"z),,, According to Reddish (22), the 
area under the E" VS. In f curves is a function of the dipole moment density 
independent of the distribution function of T. In the ideal case of a single TI  
this area is ae",,, so that  E " ~ , ,  can be taken as a direct measure of the number 
of dipoles. Ho\vever, when there is a distribution of T, this no longer gpplies, 
and one must then resort to the measurement of areas. 

DISCUSSION 

The arrangement in the experimental condenser was that  of layers of paper 
alternating with layers of vapor, the layers being parallel to one another and to  
the electrodes. The dielectric constant and loss of this compound dielectric are 
referred to as and e"2, respectively. Designating the corresponding values 
for the paper itself as €I1, and ~ " 1  and assuming that  ( ~ " 1 ) ~  << and that  
the vapor layer is a pure capacitance, the following equations can be readily 
derived : 

where c represents the volume fraction of paper in the cell (Table I). Equation 
[I] is the same as that obtained by Argue and Maass for a similar model (I). 
Unless otherwise stated E' and e" represent the dielectric constant and loss of 
the cellulose fiber itself, as distinguished from and e"z, and e'l and e"1. 

In Fig. 6 are shown the loss curves a t  1 Mc.p.s. for paper containing 0 and 
5.3% water. Within experimental error the value of T,,, appears to be the same 
for corresponding e"z and ~ " 1  curves. For 5.3% water the value of c was deter- 
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FIG. 6. Effect of the transformation of e":! to e"1 on dielectric dispersion a t  1 Mc. of paper 
containing 0.0 and 5.3% water. 

mined as 0.635, on the assumption that  the volumes of cellulose and water are 
additive (Z), and further that  the changes in volume of the fibers were dupli- 
cated in similar changes for the paper. All subsequent values of c reported 
were calculated on the basis of these assumptions. Because of the low coeffi- 
cients of thermal expansion of cellulose ( l l ) ,  c varied over the temperature 
range covered by only about 0.2%, which is well within the experimental 
error. 

Delevanti and Hansen (10) showed that  the relationship between the 
density and dielectric constant of paper is expressed by a Clausius-Mosotti 
type of equation: 

where 6' is the dielectric constant, d is the density, and K is a constant for a 
particular fiber. These results were confirmed by Calkins with an improved 
apparatus (5). 

In Table 111 is presented, for dry cellulose a t  2S0C., a comparison of the 
results of Brown (a), Calkins ( 5 ) ,  and the present authors, equations [1] to [3] 
having been employed where necessary. If it is assumed that  the fibers in the 
samples enlployed were in a plane perpendicular to  the electrical field, then the 
differences in the results of the various workers may be partly attributed to the 
dielectric anisotropy of cellulose. The  transverse and axial dielectric constants 
of the cellulose crystallite have been found to  be 5.27 and 7.19, respectively, a t  
a frequency of 300 kc.p.s. (4). In cotton the fibrils are arranged spirally about 
the fiber axis whereas in linen they are nearly parallel to the fiber axis. Thus, 
when dielectric constants are measured transverse to  the fiber axis, the values 
should increase in the order linen, linen $ cotton, and cotton; the results 
given in Table 111 fall into this order. 
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*Eslinzaled from the results at other frequencies. 

9 - 0 W A T E R  
A M E T H A N O L  

m ETHANOL 
8 - 

7 - 

W 6 -  

5 -  , y/ 

4 - FIG.7 

I I 
0 2 4 6 8 

% VAPOR ADSORBED 
I I 

FIG. 7. Dielectric constant of cellulose a t  1 Mc. and 20°C.: its variation with amount of 
vapor sorbed. 

FIG. 8. Log T versus 1/T fur paper containing sorbed ~nethanol a t  the inscribed percentages. 
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Plots of E' vs. vapor content a t  1 Mc.p.s. and 20°C. are shown in Fig. 7. 
For the calculations of E' the variation of fiber density with water content was 
obtained from Hermans (18). This effect was slight, thus justifying the 
assumption that methanol and ethanol had no effect on fiber density over the 
range of alcohol contents covered. The rate of increase of c' increases in the 
order ethanol, methanol, and water. At 5.3% vapor content, ethanol has pro- 
duced a change in €' of only l8yO, while the corresponding change due to water 
is as high as 100%. The values of c' for dry paper in the curves for water, and 
.for methanol and ethanol, correspond to the values for paper samples No. 1 
and No. 2. The-difference is only 2y0, which is a good check on the reproducibil- 
ity of the results. 

Plots of log T vs. 1 / T  were found to be straight lines, as illustrated for the 
methanol series in Fig. 8. From such plots it was possible to analyze the data 
in terms of the theory of absolute reaction rates, as briefly outlined in the 
introduction. From them T was determined in each case a t  298OIC. These values 
of 7, as well as corresponding values of a, AT$*, AF*, and AS* are presented in 
Table IV, a being A log r /A(l /T).  

TABLE IV 
EVALUATION OF FREE ENERGY, ENTHALPY, AND ENTROPY 

OF ACTIVATION FOR RELAXATION FOR PAPER AT 29S01<. 

Vapor x lo9 A H *  AF* AS* 
c o ~ ~ t e ~ l t  (sec.) ( )  (kcal./mole) (lccal./mole) (e.s.u.) 

% Water (gm. /I00 gnz. 

?Zn Methanol 

% Ethanol 
0 .0  
2 . 3  
4.6 

Considering these quantities as a function of methanol content, it appears 
that AF* decreases continuously, passing through a plateau in the range 3 to  

while both AH* and AS* go through a pronounced maximum a t  2.7% 
(Fig. 9). Table IV indicates that the data for water in all probability shows 
similar trends which are observed as well for ethanol (Fig. l o ) ,  AH* and AS* 
passing through maxima quite close to 2.7y0. The minima observed, especially 
prominent in the case of ethanol, may possibly be a consequence of the failure 
of the model used a t  the high vapor contents a t  which they occur. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SElDdI.4 N AND MASON: DIELECTRIC RELAX.3 TION 

0 1 2 3 4 . 5 6 7 8  
% ETHANOL 

I 9 I I I 
0 1 2 3 4 5 6 7  

% METHANOL 

FIG. 9. Variation with % methanol of AH*,  AF*, and AS* for dielectric relaxation for paper 
a t  298°K. 

FIG. 10. Variation with yo etha~lol of A H * ,  AF*, and AS* for dielectric relaxation for paper 
a t  29B0I<. 

U) 

Q U \*/A': 

In the neighborhood of 2.7% regain, the restriction to dipole rotation is a t  
a n~aximum in all three cases. I t  is interesting that a t  this water content the 
density and both refractive indices of native fibers have a maximum value (18). 
One might expect the same to be the case for methanol and ethanol. Possibly 
the decrease in height of the AH* and AS* curves as one proceeds from water 
to methanol to ethanol reflects a corresponding decrease in the density effect. 

In the above sense then, water as well as methanol and ethanol may be 
considered as having in cellulose a plasticizi~lg actioll siinilar to that observed 
in other polymer systems (7, 14, 15, 24) (see Introduction). 
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Dielectric relaxation in starch, as in cellulose, has been attributed to the 
rotation of hydroxyl groups (20). I t  is not surprising then, in view of the 
similarity i11 structure, that the values of 7, AF*, AH*,  and AS* for starch are 
close to  those obtained for cellulose, for example, AH* = 7 ltcal./mole for dry 
starch, and 9 Itcal./mole for dry cellulose. These can be compared with the 
value of 12.4 for a similar relaxation process in terylene (22). 

The distinctness of the vapor content of 2.7% is manifested in yet another 
fashion. When T ,  is plotted versus yo methanol for each of the four experi- 
mental frequencies, one obtains the plots of Fig. 11. These plots are linear with 
a discontinuity a t  2.5y0. Above this point the slope is the same for all the 
frequencies, the deviation from the average being less than 1%. Below 2.5% 
on the other hand, the slope undergoes a marlted increase with decrease in 
frequency. 

I 
0 1 2 3 4 5 6 7  

% M E T H A N O L  

B WATER FIG.12 
A M E T H A N O L  - 1  . CTHANOL 

045 

I I 
0 2 4 6 3 

% VAPOR ADSORBED 

Variation of T ,  with % methanol a t  the  inscribed frequencies. 
for the  ce l l~~lose  fiber: i ts  variation with vapor content. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SEIDIf .4N A N D  MASON:  DIELECTRIC R E L A X A T I O N  761 

According to  Reddish (22), the nlaxiinurn value of E" for a single relaxation 
t i m e q ~  is given by: 

2 7r 
I f  - -  

6 mnx - 27kT' 
(co + 2)2p2n 

where k:is the Boltzmann constant, T is the absolute temperature, eo is the 
static dielectric constant, and n is the number of dipoles per cc. p is the dipole 
moment, assu~ned to be 1.7 X 10-lS e.s.u. for the hydroxyl group (22). 
dcGns/dn is thenlgiven by: 

assuming no change in T or co. In this way a loss value is assigned to a single 
added dipole in 1 cc. of material. In order to be consisteilt with the convention 
of expressing the amount of added vapor in terms of grams per 100 gm. of dry 
material, a loss value is assigned to 1 gm. of added dipole in 100gm. dry material 
as follows: 

where N is Avogadro's number, M is the weight of N dipoles, P is the per- 
centage vapor content, and d is the density of the material. 

d ~"~, , /dn,  may also be obtained experimentally. The requisite E"Z data was 
transformed to eu1, using equations [ I ]  and [2]. I t  has been shown that the 
dissipation factor of a paper sheet is roughly directly proportional to its density 
(5, 10). Using this relation, E ' ' ~  was transformecl to E" for the cellulose fiber 
itself, using the density values employed in obtaining the plots of Fig. 7. 
Plots of E",,,, versus % vapor content are shown in Fig. 12. They are slightly 
curved, the curvature being greatest in the case of water. Doubtless this is a 

TABLE V 
CONTRIBUTION OF 1 GM. ADDED HYDROSYL GROUPS 

TO I N  CELLULOSE AND TERYLENE 

d a'5n,x/dnc 
Material (loss/gm. OH/100 gm. dry cellulose) 

Calculated Observed Calculated/Observed 

Terylene 0.233 0.0488 4.77 
(amorphous) 

Terylene . 0 ,220 0.0433 5.08 
(crystalline) 

Cellulose 0.642 0.0834 7.70 + water 

Cellulose + 0.642 0.0638 10.1 
methanol 

Cellulose + 0.642 0.0206 31.2  
ethanol 
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c o n s e q u e n c e  of the d e c r e a s e  in  T a n d  t h e  inc rease  i n  E O  w i t h  increasing v a p o r  

c o n t e n t ,  t h e  c o m b i n e d  effect b e i n g  g r e a t e s t  f o r  w a t e r ,  p r e s u m a b l y .  F r o m  the 
s lopes  of t h e s e  c u r v e s  at 5.3% vapor c o n t e n t  v a l u e s  o f  d ~",,,/dn, w e r e  corn- 
p u t e d ;  t h e s e  are p r e s e n t e d  i n  T a b l e  V together w i t h  those o b t a i n e d  f rom 

E q u a t i o n  [4], a n d  the c o r r e s p o n d i n g  v a l u e s  f o r  c rys ta l l ine  a n d  a m o r p h o u s  
t e r y l e n e  (22). eo f o r  d r y  cellulose w a s  t a k e n  as 6. 

I t  will  be n o t i c e d  t h a t  i n  t h i s  t a b l e  the e x p e r i m e n t a l  v a l u e  o f  d e",,,/dn, i s  

m u c h  s m a l l e r  t h a n  t h e  theore t i ca l  va lue .  T h i s  c a n  be a t t r i b u t e d  to a spread 
of re laxa t ion  t i m e s  w h i c h  y ie lds  v a l u e s  of E",,, c o n s i d e r a b l y  lower t h a n  the 
theore t i ca l  v a l u e  (19). E v e n  s o ,  the r e p o r t e d  e x p e r i m e n t a l  v a l u e s  for cel lu lose  
are p r o b a b l y  a l i t t l e  h igh  as a r e s u l t  of t h e  s l igh t  m a g n i f y i n g  effect o n  E",,, 

of a dec rease  in t e i n p e r a t ~ r r e .  T h e o r e t i c a l l y ,  o n e  \vould expect d ~",,,/dn, to 
be cons ide rab ly  less  f o r  terylene-water  t h a n  f o r  cellulose-water b e c a u s e  of 
s m a l l e r  v a l u e s  f o r  eo a n d  d. T h a t  t h i s  i s  so e x p e r i m e n t a l l y  is  e v i d e n c e  in  favor 
of t h e  c o r r e c t n e s s  of t h e  model u s e d  in  c a l c u l a t i n g  E",,,. T h e  effect of c h a n g e s  
i n  € 0  a n d  d i s  m a n i f e s t e d  as well in t h e  smaller v a l u e  of d ~",,,/dn, for c r y s t a l -  

l i ne  t e r y l e n e  t h a n  for t h e  a m o r p h o u s  modif icat ion.  
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THE VISCOSITY OF SUSPENSIONS OF SPHERES: 
A NOTE ON THE PARTICLE INTERACTION COEFFICIENT1 

ABSTRACT 

Measureme~~ts of the reduced viscosity of suspensions of glass spheres 5 p 
diameter have been made up to concentrations of 18% by volume. The experimen- 
tal results yield the empirical equation s,,/c = 2.50 + 12.76 + . . . The coeffic- 
ient of c, due to interactions, is in fair agreement with a value of 10.05 based 
upon a modification of Vand's theory which talces into a c c o ~ ~ n t  the experimentally 
established mechanism of two-body collisions of spheres in a velocity gradient. 
Several reasons for the discrepancy are suggested. 

INTRODUCTION 

A rigorous theoretical treatment of the viscosity of a suspension of neutral 
rigid spheres, without Brownian motion, in a viscous fluid has been given by 
Vand (5) as an extension to finite concentrations of the well-known Einstein 
analysis a t  infinite dilution. Allowance is made in the theory for the increments 
in viscosity due to hydrodynamic interaction between the particles and to 
doublets formed by shear-induced two-body collisions, and the following 
equation, expressed as a two-term power series, is derived: 

Here c is the solid fraction of spheres in the suspension, qo is the viscosity of 
the medium, and q, q,, and q,, respectively are the viscosity, therelative 
viscosity, and the specific viscosity of the suspensions; a. is the Einstein 
coefficient (=5/2)  and is the interaction coefficient, calculated by Vand to 
be 7.35. 

I n  computing the contribution of the doublets t o  Vand assumed that, 
in a two-body collision in a velocity gradient, the participating spheres roll 
over one another along an arc of a great circle on each sphere and separate 
when the line joining their centers is perpendicular to the direction of flow. 
From this assumed mechanism, i t  was possible to calculate the collision 
frequency, the mean life of a doublet, and hence the steady-state concentration 
of doublets. 

The authors (2) have made experimental observations of doublet behavior 
in velocity gradients and have found these assumptions invalid. I t  was found 
that the doublets rotate a t  constant angular velocity about an axis normal to 
the direction of flow and in the direction of the gradient, with no relative 

'Manuscript received April 15, 1954. 
Contribution from the Pulp and Paper Research Institute of Canada, Montreal, Qz~e. 

=Holder of a Fellowship from the National Research Council of Canada. 
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motion between the apparent poiilts of contact, i.e. without rolling, ancl that 
the two spheres of the doublet separate a t  a point which is a mirror image of 
the initial point of contact. While the collisioil frequencies were shown to be 
correct, the mean doublet life and, hence, the doublet concentration were 
found to be exactly twice that calculated by Vand. 

If the experimentally established doublet concentration is used in the 
viscosity theory, the "collision time constant" rz (5) is doubled, and the 
interaction coefficieilt crl of Equation [I] becomes 10.05. 

Vand made a series of viscosity measurements (6) on 130 p diameter glass 
spheres suspended in zinc iodide-glycerol solutions of approximately equal 
density, using two Ostwald viscometers for values of c. up to 50y0, and a 
Couette visco~neter for c between 35 and 55%. His experi~nental results 
yieldecl cul = 7.17, which is in good agreement with the original theory. 
However, it was necessary to make large corrections for wall effects and for 
concentration changes due to particle crowding in the capillaries of the 
Ostwalcl viscometer. Analysis of the data  shows that there is consiclerable 
scatter. 

Since the corrections decrease with decreasing particle size, it was coilsidered 
to be of interest to repeat the measurements using s~naller spheres. This has 
been done with 5 p diameter glass spheres. The precision of the measurements 
has been improved, and the results agree more closely with the modified 
theory. 

EXPERIMENTAL 

The spheres were made of Pyrex glass by a method due to Sollner (4). 
They were prepared by blowing glass, previously powdered in a ball mill, 
through the oxygen line feeding an ignited blow torch and collecting the 
particles in a tray of water. The spheres were fractionated by sedimentation 
in water and the fraction 1-10 p in diameter (by microscopic n~easure~nent) 
was used to prepare the suspensions. When the spheres were dried by evaporat- 
ing the water, aggregates formed which could not be broken up. The  bonding 
of the spheres is believed to result from surface hydration and from the effect 
of the high surface tension of the water which, during the drying process, 
pulls the spheres into firm contact with one another. Aggregation was eliminated 
by replacing the water with ether by solvent exchange through acetone and 
ethanol, and by removing the ether under vacuum. 

Honlogeneous suspensions of glass spheres in zinc iodide- glycerol ~nixtures 
were prepared by dispersing measured weights of glass into measured weights 
of medium. Two stock solutions of zinc iodide in glycerol having densities of 
2.215 and 2.342 gm./cc. a t  20°C. were used. The density of the spheres (by 
liquid displacement) was 2.210 gm./cc. 

Viscosities were ~neasured a t  20.00 f .O1 "C. in Ostwald-Fenske viscometers 
with capillaries 0.22 cm. in dia~neter. Since the solutions were hygroscopic, 
the visco~neters were fitted with calcium chloride drying tubes. 

The measured efflux tiines were corrected for the calculated mean density 
of the suspensions. The  kinetic energy correctioil was negligible. 
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RESULTS 

The measured relative viscosities T', for suspensions up to 18% by volume 
(the highest attempted) are listed in Table I. These have been corrected for 

TABLE I 
VISCOSITY MEASUREMENTS 

tlr 
Volume ~ ' r  corrected 'I a~ 'ISDIG 
fraction observed for 

c wall effect 

Solution No. 1 (2.342 gm./cc.) 
0 1.000 
0.06375 1.206 
0.0878 1.314 
0.1176 1 ,463 

Solution No. 2 (2.215 g 
0 
0.04977 
0.08880 

hydrodynamic interaction between the spheres and the wall, the effect of which 
has been shown in Vand's theoretical analysis (5, 6) to be equivalent to inter- 
posing a layer of pure medium between the suspension and the wall of thick- 
ness D = 0.650 a ,  a being the diameter of the spheres. This interaction gives a 
pseudo-slip a t  the wall, and for flow through a capillary of radius R the true 
relative viscosity q r  is given by 

where the correction factor 

Taking the mean diameter of the spheres used in the present experiments to 
be 5 p ,  the correction factor H was only 1.012 as compared with values of 1.178 
and 1.294 in Vand's experiments (6). 

Corrections for the increase in concentration due to particle crowding in 
the viscometer, which amoullted to as much as 0.12 c in Vaud's experiments (6), 
were less than 0.005 c in the present experiments and were ignored. 

Fig. 1 shows a plot of values of o,D/c vs. c. The points fall on a smooth 
straight line which, when fitted by the method of least squares, yields the 
equation 
[41 (~,,/c) = (2.487 f 0.074) + (12.7 f 0.53)~  
where the precision is expressed as the 95% confidence limits calculated from 
the residual variations around the regression line. 
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FIG. 1. Reduced viscosity - concentration plot. Vand's (5) experimental values are plotted 
as triangles. 

The data show less scatter than those of Vand, which have been included for 
comparison in Fig. 1. 

The first term agrees within the limit of error with the Einstein value 
of 5/2. 

DISCUSSION 

I t  is considered that these results provide a better experimental confirma- 
tion of Vand's theory, when modified by the experimentally established 
collision mechanism, than his own measurements (6). The experimental value 
of 12.7 for a1 is higher than the theoretical value of 10.05. 

There are several possible reasons for this discrepancy, apart from experi- 
mental error, of which the following may be cited: 

(1) The collision doublets behave as rigid ellipsoids of axis ratio 2. Since 
the doublets are neither ellipsoidal nor rigid (2) Vand's shape factor (5) may 
be in error. 

(2) The particles are assumed to be monodisperse, whereas spheres having a 
range of sizes were used. I t  has been shown (3) that the collision frequency is 
increased by polydispersity, with a possible increase in the steady state 
concentration of doublets and hence the collision time constant r2.  The magni- 

. tude of this effect is not known since there is no information on the mean life 
of polydisperse doublets. I t  is pointed out, however, that since the axis ratio 
of a doublet of spheres of unequal sizes is less than that of one of equal-sized 
spheres, the increase in viscosity from the increased double concentration 
would be offset to some extent by the decrease in the contribution per doublet. 

(3) The theory assumes the particles to be neutral, i.e., the only particle 
interactions are due to fluid motion. However, coulombic and/or Van der 
Waals interactions may be appreciable for the particles used here. Calculation 
of the electroviscous effect for reasonable values of the <-potential from Booth's 
theoretical equations (1) show a negligible effect on ao for 5 p diameter par- 
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AlANLEY AND MASON: VISCOSITY OF SUSPENSIONS OF SPHERES 767 

ticles. I t  is possible, however, that the interaction term cul would be appreciably 
changed although the theory has not been sufficie~ltly developed to estimate 
this effect. 
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THE THERMAL DECOMPOSITION OF DIMETHYL DISULPHIDE1 

BY JOHN A. R. COOPE~ AND w. A. BRYCE~ 

ABSTRACT 

The thermal decomposition of dimethyl disulphide has been stitdied in the 
gaseous state by a static method. The primary reaction, which follows a repro- 
ducible induction period, produces one mole of methyl rnercaptan per mole of 
disulphide, together with a product of low volatility believed to be a thio- 
formaldehyde polymer: 

CHsSSCH3 + CHSSH + l / n  (CHZS),. 
There is also a competing reaction producing a large quantity of hydrogen 
sulphide. 'The remaining volatile products, hydrocarbons of two or more carbon 
atoms (believed to  be chiefly ethylene), free sulphur, polysulphides, and carbon 
disulphide are formed either by the latter reaction or by the extensive decompo- 
sition of products. The decomposition is catalyzed by hydrogen sulphide, and 
more strongly by the complete reaction mixture. A mechanism is proposed for 
the main reaction. 

The present investigation was undertaken as a contribution to our frag- 
mentary understanding of the mechanisms of reactions i~lvolvi~lg the carbon- 
sulphur bond system in organic sulphur compounds. The C-S-S-C bond 
system of dimethyl disulphide was of special interest. Little is known about 
the thermal deconlposition of the alkyl disulphides, although the thermal 
decompositio~l of aryl disulphides has received some study. The work of 
Schonberg, Mustafa, and Askar (10) suggests that diphenyl disulphide dissoci- 
ates a t  the S-S bond into two free aryl thial radicals. In an early investigation 
Otto and Rossing (8) found that on distillation a t  atmospheric pressure diamyl 
disulphide (b.p. 248" C.) gradually decomposes into sulphur or sulphur-rich 
substances and a tarry residue. Bezzi (3) reported that dioctyl disulphide 
decomposes a t  its boiling point of 190" C. a t  15 mm. Faragher, Morrell, and 
Comay (7) found that decomposition of vaporized naphtha solutio~ls of 
various alkyl disulphides a t  496" C. produces the corresponding alkyl mer- 
captan, hydrogen sulphide, free sulphur, alkyl sulphides, thiophenes, and 
saturated and unsaturated hydrocarbons. 

In some preliminary experiments in this laboratory it was found by 
Patrick (9) that dimethyl and diethyl disulphides decompose above 300" C. 
yielding co~nplex pressure-time curves. The homogeneous decomposition of 
dimethyl disulphide was found to produce large amounts of mercaptan and 
hydrogen sulphide. 

EXPERIMENTAL 

Reagents 
The dimethyl disulphide, obtained from Eastman I<odak Co., Rochester, 

New York, gave negative tests for mercaptans, hydrogen sulphide, free 

'Manuscript  received December 1, 1953. 
Contribution from the Department of Clrenzistry, University of British Columbia, Van-  

couver, B.C., Catzada. From a theszs presented by  J.A.R.C. to the University of British Collimbia 
i n  partial fziljilment of the requirements for the degree of Master of Science. 

2Present address: Wadhanr College, Oxford, England. 
3Assistant Professor. 
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COOPE AND BRYCE:  D I M E T H Y L  DISULPHIDE 769 

sulphur, and carbon disulphide. Its refractive index of 72: = 1.5261 f 0.0002 
agreed well with Vogel and Cowan's (12) value of 1.5260. It was fractioilated 
in a vacuum apparatus before use. The  pure hydrogen sulphide was prepared 
by the method of Bickford and Wilkinson (4). The other sulphur compounds 
were fractionated Eastnlan Koclak products. 

Apparatus 

The apparatus was an all-glass static system coilsisting essentially of a 
heated 250 ml. pyrex reaction vessel connected to an evacuating system, a 
sampling system, and to storage vessels for the reactants. To  avoid difficulties 
of corrosion and condensation, a glass spoon-type Bourdon gauge was used 
for pressure measurement. The gauge was used both as a direct measuring 
instrument and as a null indicator. 

The volatile constituents of the reaction mixture were sampled in gas pipettes 
which were attached to the capillary connections of the reaction vessel. From 
the results of the analyses of the contents of these pipettes the partial pressures 
of various substances in the reaction vessel during deconlposition were calcu- 
lated. The less volatile constituents were collected in a dry ice trap and ailalyzed 
qualitatively. 

Analytical Methods 

Carbon disulphide was estimated colorimetrically by means of its reaction 
with cupric acetate and piperidine (5). Thiophenes were tested for with 
isatin solution (I).  Free sulphur was determined in an AnalaR petroleunl ether 
solution of the sample by the method of Ball (2) using dilute reagents. 

Hydrocarbons were estimated approximately by a crude gas fractionation 
method: hydrogen and methane could be separated off a t  liquid nitrogen 
temperature. The  remaining hydrocarbons were separated off a t  the freezing 
point of n-pentane, -130°C., and their pressure was corrected slightly for 
hydrogen sulphide. 

The methods of analysis for mixtures of hydrogen sulphide, methyl mer- 
captan, and disulphide were developed in this laboratory, and are being re- 
por!ted elsewhere in more detail (6). Hydrogen sulphide was absorbed in dilute 
base, precipitated as cadmium sulphide, and separated from mercaptan by 
filtration through asbestos in 0.005 M acid. The cadmium sulphide precipitate 
was oxidized directly with excess acidified standard iodine and determined by 
back titration with thiosulphate. This method was sensitive to less than 
2.5 X lop6 moles of hydrogen sulphide (0.5 mm. pressure in the reaction 
vessel) and was accurate in the presence of mercaptan to within 3%. The  
direct determination for hydrogen sulphide made it possible to determine 
mercaptan indirectly from the total sulphydryl content of the reaction mixture 
as determined by absorption in excess standard iodine and back titration with 
thiosulphate. 

In Ball's method (2) for the determination of disulphides the disulphides 
are reduced to mercaptans by refluxing with zinc and glacial acetic acid. In 
the present work AnalaR petroleum ether was used as the solvent. By using 
a slightly stronger acid (94%), a lower temperature (water bath), and by 
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heating long enough to  transfer the entire methyl mercaptan formed to a trap, 
it was possible to obtain results with a reproducible error in the range llO$ 
f I& reductior~. The  analyses were corrected appropriately. Unfortunately 
some of the actual analyses were invalidated by the interference of alkyl 
polysulphides, conlpounds of the type R-S,-R, which reduce to mercaptan 
and hydrogen sulphide. 

The  presence of alkyl polysulphides was inferred from an interferencewith 
the disulphide determinations and by a reaction with mercury. I t  was observed 
that a solution of the volatile products in petroleunl ether, although free of 
elementary sulphur, reacted with nletallic mercury to produce a black crystal- 
line compound. This was attributed to a reaction of the type quoted by 
Sidgwick (1 1) : 

2 Hg + CH3SdCH3 -+ 2 HgS + CH3SSCHX. 

RESULTS 

A typical family of pressure-time curves for the decomposition of dimethyl 
disulphide is presented in Fig. 1. There is an initial rapid pressure decrease, 
followed by a period of constant pressure, after which the rate rises slowly to 

TIME IN  M I N U T E S  

FIG. 1. Pressure-time curves for the decomposition of dimethyl disulphide a t  341' C. 
Initial pressure of disulphide respectively (1) 24.0, (2) 57.5, (3) 73.0, (4) 92.5, (5) 108.0 mm. 

a maximum. The  induction period was reproducible: in a series of 16 runs a t  
316" C. i t  had a mean length of 11.6 min. with standard deviation only 0.7 min. 

The  results of extended experiments showed that ,  after the rate had de- 
creased quite sharply from the nlaximum to  a low value, there remained a 
slow residual reactidn which continued for some time. This behavior suggests 
the decomposition of products. Both a t  341° C. and a t  373OC. the final 
pressure increase is greater than 105% of the minimum pressure. 
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Effect of Packing the Reaction Iressel 

A sjxfold increase in the surface to volume ratio was achieved by packing 
the vessel with short lengths of pyrex glass tubing. The  induction period and 
maximum rate of reaction were unaffected, indicating that the decompositioll 
is a l~omogeneous process. The only effect was a slight reduction of the final 
pressure, attributable to increased adsorption of the products on the vessel 
surface. 

T h e  Ini t ial  Pressure Decrease 

By using the Bourdoil gauge as a direct reading instrument and by using 
relatively low pressures, i t  was possible to fill the reaction vessel in times as 
short as two seconds. I t  was possible, therefore, to observe the greater part 
of the initial pressure decrease. With 95 mm. of disulphide a t  316O C. the 
pressure decrease was about 15 mm., the initial rate of the decrease was of the 
order of 2 mm. per second, and the process was approximately goy0 complete 
in 15 sec. The magnitude of the decrease was greater a t  higher initial pressures 
and a t  lower temperatures; it was only slightly increased by packing the 
reaction vessel. 

Analysis showed tha t  during the induction period the reaction mixture 
consists almost entirely of unreacted disulphide. This fact suggested strongly 
that the pressure decrease is due to adsorption of the reactant disulphide on 
the walls of the pyrex reaction vessel. Further observations supported this 
view: (1) A few millimeters pressure of hydrogen sulphide in the reaction 
vessel reduced the extent of the decrease by 8OyO. Hydrogen sulphide is known 
to adsorb on glass. (2) If a part of the reactant were removed from the vessel 
during the induction period, a short, rapid pressure increase occurred, indi- 
cating desorption of the disulphide. 

An estimation of the activation energy of the initial rate of the pressure 
decrease gave a value of 16 kcal. per mole. Whereas this is much less than the 
usual energies of pyrolytic reactions, it is of the order of magnitude of energies 
of adsorption. I t  leads to a frequency factor of l o 4  sec-l. If a simple collision 
theory of adsorption is accepted, this freq~iency factor should be equal to the 
number of times a molecule strikes the wall per second. The latter was calcu- 
lated from kinetic theory as 1 X l o 4  set.-I a t  316O C.4 This excelleilt agree- 
ment is considered additional proof that the initial pressure decrease is due to 
adsorption. 

Dependence of the Rate on  Ini t ial  Disulphide Pressure 
The minimum pressure of the induction period was found to be a suitable 

'initial' pressure for correlating the results of different experiments. There is 
little doubt that it represents the true initial disulphide pressure a t  the start 
of the main reaction. 

The initial pressure was varied from 24 mm. to  230 mm. a t  341" C. The  
dependence of extent of reaction on the initial pressure is given in Table I .  
Per cent pressure increases are listed for several reaction times. The  results 

'From kinetic theory the "collision nztmber" i s  + s ( ~ R T / A ~ ) ~ ,  where S  i s  the szdrface to 
volunte ratio of the reaction vessel and M i s  the ?noleczrlar weight. S  = 1 ,  d1 = 94, T  = 589" K. 
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TABLE I 
DEPENDENCEOFTHEEXTENTOFREACTIONONTHE 

INITIAL PRESSURE. T = 341' C. 

Initial pressure, pressure increase after: 
rnm. 8 min. 10 min.  15  min. 20 min. 

show a first order dependence. T h e  rate constants calculated from these da ta  
had a mean value of 20.8 X set.-' a t  341" C. with a standard deviation 
of 0.7 X sec-I. 

A t  pressures below 150 mm. (temperature 341" C.) the induction periocl is 
independent of the initial pressure, but a t  higher pressures its length is reduced. 
The  time a t  which the maximum rate occurs varies in the same way. 

Dependence of tlze Rate on Temperature 
The  significant results are shown in Table 11. A plot of In k vs. 1 /T  gave a 

straight line from which an over-all activation energy of 45 =t 4 kcal. per mole 
was calculated. The  frequency factor was estimated to be 2 X 1013 sec-I. 

TABLE I 1  
DEPENDENCE OF THE REACTION ON TEMPERATURE 

Temperature, Induction Time of max. Rate constant, 
" C. period, rate, set.-1 

sec. sec. 

Analytical Results 
A teinperature of 316" C. and an initial pressure of 80 mm. were the standard 

conditions used for experiments in which analyses were done for the compo- 
nents of the reaction mixture. 

Qualitative analyses of the reaction mixture showed that  thiophenes are 
formed in traces only. The  principal volatile products were hydrogen sulphide, 
mercaptan, carbon disulphide, alkyl polysulphides, and low boiling hydro- 
carbons of two or more carbon atoms. Hydrogen and methane were not de- 
tected; if present a t  all they appear to total less than 5% of the hydrocarbon. 
The  mercaptan was identified as  chiefly or entirely methyl mercaptan by the 
yellowish-green color of i ts  silver mercaptide; the higher silver mercaptidesare 
white. Of the products which were not sa~npled by the gas pipettes, free sul- 
phur was identified amongst the accumulated products in the cold trap. An ' . 
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involatile tar was formed in considerable quantity; it appeared black by re- 
flected light and reddish-brown by transmitted light. 

The two volatile products formed in largest quantity were nlethyl mer- 
captan and hydrogen sulphide. The results of quantitative analyses were used 
to construct partial pressure-versus-time curves for these two products and 
for the reactant disulphicle. These curves, with other results, are shown in 
Fig. 2. During the early stages of the reaction the rate of hydrogen sulphide 
formation is equal to one half the rate of increase in pressure. The rates become 
nearly equal in the later stages. 

The alkyl polysulphides in the reaction mixture interfered so seriously with 
the determination of disulphide that the only accurate detkrminationswere 
those which were made in the initial stages of the decomposition. A curve 
labelled RSSR, showing the disappearance of disulphide is given in Fig. 2. 
The values for the dotted part of the curve are believed to be much too high 
owing to interference by polysulphides. The estimated pressure of disulphide 
during this part of the reaction is approxinlately zero since the main reactions 
appear to be over a t  60 min. A curve representing the amount of disulphide 
decomposed in the early stages of the reaction is also plotted. I t  was con- 
structed by subtracting the disulphide present from the initial pressure. 

FIG. 2. Analytical results for the "standard" reaction, T = 316' C., Pml, = 80.0 n ~ m .  
RSSR shows analytical results for- disappearance of disulphide. ARSSR shows measured 
amount cf disulphide decomposed. 

FIG. 3. Dependence of the maxirnun~ rate 011 added hydrogen sulphide. Constant di- 
sulphide pressure, 52.2 mm. Temperature, 316" C. 

-a6- 

r( f -0.0- 
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Fig. 2 shows that the reaction producing mercaptan is distinct from that 
producing hydrogen sulphide. The former appears to reach its maximum rate 
before 20 min., whereas the latter reaches its maximum rate only after 30 min. 
The end of the induction period appears to  be the same for both reactions. 
Since the pressure increase does not appear to occur until H2S is formed, the 
formation of inercaptan must involve little or no pressure change. This is well 
illustrated by the fact that a t  15 min. with a mercaptan pressure of 10 min. 
the total pressure change by all processes is only 14 mm. Moreover, the re- 
action producing hydrogen sulphide must account also for much of the re- 
maining volatile products. The reactions which occur after 60 min., the slow 
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forination of H?S for example, appear to be reactions aillongst the decompo- 
sition products. Probably a number of complex processes occur simultaneously. 

The partial pressures of all the volatile constituents of the reaction mixture 
were measui-ed a t  120 min., after the completion of the main reactions. The 
results of analyses are listed ill the first column of Table 111. The values for 
carbon disulphide and for hydrocarbons are significant to the order of magni- 
tude only. Estimates of the remaining constituents are recorded in the second 
column of Table 111. The order of magnitude figure for polysulphides was 

TABLE 111 
VOLATILE CONSTITUENTS OF THE REACTION MIXTURE AFTER 

120 MIN. OF REACTION AT 316O C. (Pmrn = 80 MM:) 

Analytical pressures, 
mm. 

Estimated p r e s ~ u r e s , ~  
mm. 

~ydroca rbons  (C2) 25 
H2 f CH4 0 
Thiophene 1 

Measured total pressure 140 mm. 

a See text. 

estimated by assuming an apparent 25 mm. of disulphide, shown by the 
disulphide test, to  be due in reality to tetrasulphide. Elemental sulphur could 
not be determined quantitatively, but it  appeared to  be present in small 
amounts only. Since it  exists a t  317' C. almost entirely as Ss, its necessarily 
small pressure has been listed as zero. 

E f e c t  of Added  Hydrogen  S u l p h i d e  
The addition of hydrogen sulphide to the reaction mixture had a marked 

effect on the rate of reaction. The induction period and the period of auto- 
acceleration were shortened, and the maximum rate was increased. The 
significant results are listed in Table IV. In each case the maxiinum rate of 

TABLE IV 
EFFECT OF HYDROGEN SULPIIIDE ON THE DECOMPOSITION 

OF 52.3 ~ I M .  OF DISULPHIDE AT 316O C. 

Induction Time of max. 
Added H2S, perjod, rate, Maxi~~ lum rate, 

mm. nun. mln. mm./min. 

pressure rise (also of hydrogen sulphide formation) occurred after a total 
pressure increase of 13.7 mm., corresponding in a normal decomposition to the 
formation of 6.5 mm. of hydrogen sulphide. The logarithm of 'the added 
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COOPE AND BRYCE: D I M E T H Y L  DISULPHIDE 7'75 

hydrogen sulphide plus 6.5 mm.' is plotted in Fig. 3 against the logarithm of 
the maximum rate. The graph is roughly linear, suggesting that the amount of 
hydrogen sulphide present a t  the maximum rate is, in fact, the normal amount, 
plus the amount added. The slope of 0.25 indicates approximately a rate de- 
pendence to the one quarter power, a t  least a t  the time of the nlaximunl rate: 
i.e., with disulphide constant, 

d HzS/dt = k [H~s] ' .  
The total pressure increase was independent of the amount of added hydrogen 
sulphide. This suggests that the final ratio of hydrogen sulphide formed to 
mercaptan is unchanged by the addition of hydrogen sulphide. The general 
character of the decon~position appears entirely unaffected. If this is so the 
hydrogen sulphide must also accelerate the reaction producing mercaptan. 

Effect of Added Mercaptan 

A deconlposition in the presence of methyl ~nercaptan a t  a pressure equal to 
30% of the disulphide, did not differ significantly from the normal. Hence, 
mercaptan is simply an end product of the decomposition. 

Effect of the Complete Reaction Mixture 

The effect of the complete decomposition products on the reaction was 
investigated by admitting a second sample of disulphide to the reaction vessel 
after the completjon of a previous experiment. The induction period was re- 
duced to a much greater extent than can be attributed to hydrogen sulphide 
alone. Indeed, the true induction period of the mercaptan reaction may have 
been renlovecl entirely. In contrast to the effect of hydrogen sulphide alone the 
complete reaction mixture did not accelerate the maximum rate of pressure 
rise. The final pressure increase was slightly less than for the normal reaction. 

Effect of Nitr ic  Oxide 

In the presence of O.G,  2, and 7% nitric oxide, the induction period was no 
longer reproducible but the nlaximunl rate was normal and occurred a t  the 
usual time. 

TIME IN MINUTES 

FIG. 4. Decomposition of diethyl disulphide a t  318" C. Initial pressure, 28.0 mm. Results 
of three experiments are superimposed. 
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Conzparison with the Decomposition of Diefh.yl Disz~lpl~ide 

The  decomposition of diethgl disulphide appeared to  be considerably c1if- 
ferent from the decomposition of dimethyl disulphide. Three superimposed 
pressure-time curves are presentecl i n  Fig. 4. Altllo~~gll similar in form to  
those of dimethyl disulphide they show a much greater total pressure increase. 
The  maximum rate is first order wit11 respect to the initial pressure, except a t  
low pressures. The  main rate constant of 19.7(& 1.1) X lO-%ec.-l a t  318" C., 
obtained from runs a t  28 mm., 33 mm., and 40 mm., falls off betnreen 28 and 
18 mm. This rate is of the same order as  that for dimethyl disulphide a t  the 
much higher t empe ra t~~ re  of 341" C. The decomposition of diethyl disulphide 
produces an involatile tar  similar in appearance to that  produced by climethy1 
disulphide. Unlike the decomposition of dimethyl disulphide, it procluces a 
considerable q ~ ~ a n t i t y  of a fine yellow solid, p res~~nled  t o  be ele~nental sulphur. ' 

One feature of Fig. 4 is the "breali" in the curve near the 30-min. mark. 
This suggests that  the reaction ma!. involve a second stage ~vhich is largely 
responsible for the pressure increase after 30 min. 

The  over-all reaction for the clecomposition of dimethyl disulphide is com- 
plex. Two main reactions appear to  occur. The  first is decomposition of the 
disulphide with the formation of mercaptan, and the second is the formation 
of hydrogen sulphide and allied products. Both reactions exhibit an induction 
period. Extensive decomposition of the products of these reactions also takes 
place. 

The  rate curves for the foi-mation of mercaptan ancl H?S show that the 
decon~position of the disulphide comes to  an end after about 60 win. for the 
'standard reaction', i t . ,  the reaction illustrated in Fig. 2. This behavior cannot 
be due to an eq~~ i l i b r i u~n  as neither the addition of mercaptan nor the addition 
of hydrogen sulphide to the reaction mixture has an)- effect on the final 
pressure. Nor can it be due to inhibition by the products. I t  must be concluded 
that the pressure of the reactant disulphide falls to  zero after about 60 min. 
Accordingly, the disulphide pressui-e a t  120 ~n in .  has been listed in Table I11 
as  zero. 

Hydrogen sulphide and mercaptan, the two products fornled in greatest 
quantity, are both reduced relative to the disulphide. T o  balance the hydrogen, 
the hydrocarbon products must be either ~~nsa tura ted  or ~~olymer ic  (Table 111). 
Since the formation of hydrocarbons of more than two carbon atoms appears 
unliltely, and, indeed, could not account for the n~xgnitucle of the pressure 
increase, it is suggested that the hyclrocarbons ma!, be chiefly or entirely 
ethylene. 

From Table 111 the estimatecl pressures of the components of the reaction 
mixture a t  120 min. total 148 mm. This value agrees satisfac.torilv with the 
measured total pressure of 140 mm., and suggests that no other volatile 
products are formed in quant i t~. .  I t  supports the conclusion that  the disulphide 
pressure is zero. 
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COOPE AND BRYCE: D I M E T H Y L  DISULPHIDE 777 

The prinlary reaction is believed to be the clecornposition of one mole of 
disulphide to form one mole of methyl mercaptan. Since there is no accom- 
panying pressure change the remaining fragment "CI-12S" of the dimethyl 
disulphide molecule must be removed from the system in some way. The 
thioaldehydes are well lcnown for their remarkable tendency to polymerize; 
they are scarcely known in the monomeric state (11). The normal polymer- 
ization to cyclic trithioformaldehyde would result in a small pressure increase,, 
but in the presence of foreign free radicals the polymerization would pre- 
sumably be to higher polymers which are involatile. The following process, for 
example, w o ~ ~ l d  not allow ring c los~~re :  

The presence of an involatile tar in the reaction products lends support to 
this view. If this polymerization mechanism occurs, the primary decompo- 
sition may be represented by the following over-all reactions: 

CH3SSCH3 + CH3SH + CH,=S 
n CH2=S d (CH3S), [I] 

Hydrogen sulphide appears to be produced by two reactions. The main 
reaction occurred under the conditions of these experiments between 10 and 
60 min.; the total hydrogen sulphide produced by i t  is approximately 27 mm.; 
clearly its rate depends on the disulphide present. The second reaction became 
evident after the disulphide had disappeared. In the experiments discussed 
here it produces 10 mm. of hydrogen sulphide between 60 ancl 120 min. a t  a 
nearly constant rate, ancl would appear, therefore, to account for a t  least 
5 mm. (15y0) of the hydrogen sulphide produced before 60 min. This reaction 
must be due to the deco~nposition of products of the two main reactions, per- 
haps polythioaldehyde or alkyl polysulphides. 

The disulphide available for the main reaction producing hydrogen sulphide 
appears to be equal to the hydrogen sulphide produced by it. This disulphide 
can be estimated by subtracting from the initial disulphide pressure the amount 
used up in producing mercaptan and polysulphide, 59 mm. and approximately 
8 mm., respectively. The reaction producing mercaptan seems well established 
and the mercaptan analysis appears reliable. The polysulphide is in any case 
only a small correction and therefore the result of 28 mm. of disulphide avail- 
able for hyclrogen sulphide formation should not be greatly in error. I t  is roughly 
equal to the hydrogen sulphide produced. Thus one mole of disulphide appears 
to produce one mole of hydrogen sulphide in the main reaction. This sug- 
gestion appears consistent with the observed pressure change, whatever the 
complete reaction may be. There are, however, many factors affecting the 
pressure change and a certain deductio~l is difficult. 

The alkyl polysulphides may be formed by addition reactions of the fol- 
lowing type : 

CH3SSCHJ + S, --+ CH3SZ+?CH, [III 
The labile character of polysulphide chains is well known. 

The 25 mm. of hydrocarbons found by analysis from the standard experi- 
ment appear to be almost entirely ethylene. The ethylene could be formed by 
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a second decomposition reaction along with the H2S, as follows: 
CH3SSCH3 -+ H2S + CH2=CH2 + S [I111 

This equation, though speculative, is consistent with the data available. 
The estirnate for ethylene is in the ratio one-to-one with those for hydrogen 
sulphide and clisulphide. When talcen together, the three reactions postulated 
would account reasonably for all the substances observecl in the decoinpo- 
sition. The reactant disulphide and the products hyclrogen sulphide, mer- 
captan, and hydrogen, would be accounted for completely. The elemental 
sulphur of reaction [111] would produce the polysulphides of reaction [Ill 
together with traces of Se. Carbon disulphide, the only other volatile product 
could well be attributed to the secondary reactions, to the deconlposition of 
the tar,  for example. I t  is difficult to see how it could be produced from the 
disulphide directly. Finally, the amount of nlonomeric thioaldehyde necessary 
to balance reaction [I] would account quite well for the quantity and compo- 
sition of the involatile products a t  120 min., together with the carbon di- 
sulphide and small amounts of secondary hydrogen sulphide. 

Although no direct evidence was obtained of the occurrence of free radical 
chains in the deconlposition of dinlethyl disulphide, it seems unlilcely that the 
entire deconlposition could take place by simple n~olecular reactions. The 
complexity of the reactant, the variety of the products, and the peculiar rate 
laws, all suggest free radical mechanisms. 

For the primary reaction a straightforward uilimolecular decomposition 
into inethyl nlercaptan and thioformaldehyde can be conceived. However, 
this reaction, being unimolecular, could not be catalyzed by the products, and 
therefore an explanation of the induction period on this basis would be difficult. 
On the other hand, a free raclical chain mechanism is plausible. 

The initiating radical might be CH3S arisihg from the dissociation of di- 
sulphide a t  the S-S bond: 

CH3SSCHo ---t 2 CHIS [I] 

The following sequence could result: 

CH3S + CH3SSCHZ-+ CH3SH + CH,SSCH, PI 
CH3SSCHz -+ CHe=S + CH3S [31 

In addition to producing mercaptan to the required extent this mechanism also 
produces the postulated thioformaldehyde. Polymerization of the latter could 
arise through : 

n CH2 = S ---+ (CHZS), [41 
or CH3SSCH2 + CHZ = S ---+ CH3SSCHzSCH2 [51 

A second possibility for the initiating radical of equation [I] is the production 
of a sulphur atom through an intermediate rearrangement of the type: 

CH3SSCH3 -+ CH3-S-CH, ---+ S + CH3SCH3 [GI 
s 

through the decomposition of polysulphides: 

. I  CH3S,CHs -+ S + CH,SS,-,CH3 [71 
or through. the reaction [111] postulated for the production of hydrogen 
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sulphide. The observed catalysis by hydrogen sulphide lnay be due to the 
production of sulphur atoins by a reduction process: 

HrS + CHjSSCH3 -+ S + 2CH3SH [8I 
The more nlarkecl catalyses by the complete reaction mixture could be attrib- 
uted to reaction [7]. The autoacceleratio~l and approximate coincidence of the 
induction periods of the ~nercaptan and hydrogen sulphide reaction could 
also be dependent on the production of s~ilphur atoms. 

More experimental work must be done before the details of the over-all 
reaction can be understood. 
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T H E  CHARACTERIZATION O F  DELCOSINE AND SOME O F  ITS 
DERIVATIVES1 

BY W. I. TAYLOR,~ w. E. WXLLES,~ AND LBO ~'IARION 

ABSTRACT 

Reanalysis of delcosine and several of its derivatives shows that the most 
likely empirical for~nula is C2gH390iN. Delcosine has been shown to be identical 
with Goodson's base C. Acetylation produces nionoacetyldelcosirie, identical 
with Goodson's naturally occurring base B. I t  has been possible to prepare two 
isomeric diacetyl derivatives, one of which has bee11 reported previously, and a 
further acetylated compound also reported previously which seerns to have lost the 
elements of water. A dipropionyldelcosine is also described. The base contains three 
rnethoxyls and four hydroxyls, only two of which are acetylated readily. 

Delcosine, one of the alkaloids of Delphinium consolida L., has been assigned 
several empirical formulae by various authors, i.e., C21H3306N ( 5 ) ,  C25H4007N 
(sic) (I) ,  and C22H3706N (4). In order to arrive a t  a more definite formula, 
the alkaloid was purified and reanalyzed together with some salts and a 
number of its derivatives. The empirical formula which appears to  agree best 
with all the results is C24H3907N. On this basis the base, which is tertiary, 
contains three methoxyls and four active hydrogens (Zerewitinow) corres- 
ponding to  four hydroxyl groups, thus accounting for all the oxygen. Del- 
cosine further contains an N-alkyl which is probably an ethyl (3). The pKA 
of the alkaloid is 6.49. The formula can be expanded to C I ~ H ~ ~ ( N C ~ H ~ )  (OCH3)3 
(OH)4 containing a C19 nucleus in agreement with that of a number of aconite 
and delphinium bases (2). 

From Delphinium ajacis Goodson (3) had isolated in small quantity a base 
which he designated "alkaloid C" for which he proposed the empirical formula 
C24H3707N. This base contained an N-ethyl group and resembled delcosine 
in its properties. A sample of "alkaloid C" kindly supplied by Dr. T. M. Sharp 
has now been shown by direct comparison to be identical with delcosine. 
The melting points of the bases and that of the mixture were identical and the 
infrared absorption spectra were superiinposable. 

Two of the four hydroxyls of delcosine underwent acetylation more readily 
than the other two. I t  has been possible to prepare a monoacetyldelcosine, a 
diacetyldelcosine, a monotrichloroacetyldelcosine, and a dipropionyldelcosine. 
Dia~et~ldelcosine is quite distinct from the "triacetyldelcosine" already 
reported (4) which, on the basis of the new formula, is also a diacetyldelcosine. 
The infrared spectra of these two isomers show marked differences. 

Among the alkaloids of D. ajacis Goodson (3) had reported the presence of a 
minor base, "alkaloid B", which gave rise to  "alkaloid C" on hydrolysis and 

1Manuscript received Apri l  14, 1954. 
Contribution from the Division of Pure Chemistry, National Research Council, Otkzwa, Canada. 

Issued as N.R.C. No. 3312. 
2National Research Council of Canada Postdoctorate Fellow. Present address: Department of 

Chemistry, University of New Brunswick, Fredericton, New Brainswick. 
3National Research Council of Canada Postdoctorate Fellow. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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was considered as an acetyl derivative. A sample of "alkaloid 13" kindly 
supplied to  us by Dr. T .  M. Sharp indeed proved by melting point, mixed 
melting point, and comparison of the infrared absorption spectra to  be identical 
with monoacetyldelcosine. 

The alkaloid delphamine isolated by Rabinovich and Konowalowa (6) from 
an unidentified Delphinium species may possibly be identical with delcosine. 
I t  is not possible to conclude this definitely without a direct comparison, but 
the recorded melting points of the two bases, of their hydriodides, bitartrates, 
chloroplatinates, and the diacetyl derivatives are remarkably similar. 

The acetyl derivative of melting point 159-161° reported by Marion and 
Edwards (4) has again been prepared. The infrared absorption spectrum of 
this derivative contained no absorption bands in the hydroxyl region, and the 
absence of hydroxyl groups thus indicated was confirmed by an active hydrogen 
determination which gave negative results. The analytical figures did not 
agree with the requirements of a tetraacetyl derivative, but were in best 
agreement with a diacetyldelcosine having lost the elements of water. Since 
no hydroxyl was present the fourth hydroxyl oxygen must have become 
involved in a cyclic ether or converted to a carbonyl. 

A derivative was also obtained in one experiment which appeared to be 
tetraacetyldelcosine, but will require further characterization before its 
identity is established. 

Delcosine was purified by repeated crystallization from dioxane - petroleum 
ether ( I :  l ) ,  n1.p. 203-204". Found: C, 63.76, 64.04, 63.83; H,  9.07, 8.93, 
9.01; N,  3.09, 3.18; OCHs, 20.14, 20.75; N-alk., 7.85, 7.83; act. H (Zerewiti- 
now), 0.75, 0.85y0; mol. wt. (by titration), 455. Calc. for C?4H3,07N: C, 63.55; 
H,  8.67; N,  3.09; 3 OCH,, 20.53; 4 act. H ,  0.88; N.C2H5, 6.39y0; mol. wt. 
453.6. pK, 6.49 (value of pH a t  half titration in 50y0 methanol with 0.0333 N 
hydrochloric acid). In admixture with Goodson's "alkaloid C" (3) the melting 
point was unchanged. The  infrared absorption spectra of delcosine and 
"alkaloid C" were superin~posable. The spectrum of delcosine contained the 
following pealts:"518 (43), 3476 (57), 3362 (73), 1355 (58), 1325 (48), 1305 
(67), 1275 (48), 1225 (64), 1192 (69), 1170 (64), 1140 (70), 1115 (89), 1095 (85), 
1085 (88), 1050 (68), 1040 (72), 1015 (62), 1000 (47), 980 (45), 970 (56), 
950 (81), 915 (27), 875 (37), 860 (41), 815 (25), 800s (221, 760 (45), 740 (34), 
710 (34), 710 (29), 675 (45). 

Delcosine Perchlorate 

The salt was recrystallized, m.p. 217-218", and reanalyzed. Found: C, 
51.90, 52.10; H ,  6.94, 7.16; N, 2.45. Calc. for C24H390TN.HC104: C, 52.04; 
H ,  7.28; N, 2.53%. 

9 1 1  melting points arc corrected. 
5T1ze infrared spectra were dcternzined on  a Perkin-Elmer double beam spectrophotometer model 

21. The peaks are indicated by a wave nu?izber and the percentage absorption i s  given by the number 
i n  fiarentheses. Shoulders are indicated bv a n  S after the wave number. Unless otherwise indicaled 
the'con~pounds were suspended i n  rtujol as  mul l s fbr  the deternzination. 
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Delcosine Ilydriodide 

Delcosine was neutralized with hydriodic acid and the solution evaporated 
to dryness. The  residue was crystallized twice from methanol. Delcosine 
hydriodide melted a t  196-197'. Found: C ,  49.39; H ,  6.84; N ,  2.27; I ,  21.64. 
Calc. for CZ413390~N.HI:  C,  49.61; H ,  6.94; N ,  2.41; I ,  21.83%. All attempts 
to prepare delcosine inethiodide failed and invariably gave rise to  the hydri- 
odide. 

Delcosine Bitartrate 

The  salt was prepared by mixing equivalent quantities of the base and 
tartaric acid. After recrystallization it melted a t  165-166'. Found: C, 55.55, 
55.80; H ,  7.03, 7.26; N ,  2.47. Calc. for C24H3907N.C4H60~: C,  55.71; H ,  
7.51; N,  2.32y0. 

Monoacetyldelcosine 

Delcosine (260 mgm.) was heated for three hours a t  80-90' with acetic acid 
(3.0 ml.) and trifluoroacetic acid (0.10 ml.). Ethanol (2 ml.) was then added 
and the solution alkalized with 40jo aqueous sodium carbonate. T h e  resulting 
solution was extracted with chloroform and the combined extract dried and 
evaporated under reduced pressure. The  residue (288 ingm.) was dissolved in 
ether (5 ml.) containing ethanol (0.5 ml.) and the solution diluted with 
petroleum ether. T h e  monoacetyldelcosine which crystallized out was sub- 
limed a t  182' a t  mm., and recrystallized twice from ether - petroleum 
ether from which it separated as  colorless prisms, m.p. 191-193', wt. 225 
mgm. [(u]D28+32 (c, 3.17 in chloroform). Found: C,  63.09, 63.44; H ,  8.27, 
8.49; N ,  2.82,2.70; 0 C H 3 ,  18.75; act. H (Zerewitinow), 0.51; mol. wt. (titration) 
495.5. Calc. for C24H3807N.COCH3: C, 63.01; H ,  8.34; N, 2.83; 3 0 C H 3 ,  
18.79; 3 act. H ,  0.610j0; mol. wt. 495.6. T h e  p K  value was 6.25 (value of p H  
a t  half titration in 50% methanol with 0.0333 N hydrochloric acid). 

In admixture with Goodson's "alkaloid B" (m.p. 193-195", [o1]~+31"), 
the melting point of monoacetyldelcosine was unchanged. The  infrared absorp- 
tion spectra of the two bases talcen in carbon disulphide solution were super- 
imposable. They  contained the following peaks: 3520 (45), 3475 (76), 3210 (35), 
2940 (88), 2880 (81), 1735 (95), 1385 (76), 1365 (77), 1337s (50), 1325 (65), 
1300 (65), 1245 (98), 1225 (88), 1215s (84), 1190 (75), 1170 (69), 1135s (78), 
1120 (92), 1100 (98), 1087 (99), 1050 (82), 1040 (78), 1030 (64), 1015 (59), 
1000 (58), 985 (43), 970 (47), 955 (53), 940 (48), 910 (37), 810 (16), 760 (32), 
740 (34), 720 (29), 685 (39), 660 (47), 635 (36). 

Monoacetyldelcosine was also obtained by the action of acetyl chloride on 
delcosine a t  room temperature for five minutes. 

Mono- (trichloroacety1)-delcosine 

Delcosine (191 mgm.) was kept a t  75' for five hours with trichloroacetic 
acid (3.2 gm.) and trifluoroacetic acid (0.1 1111.). The  product was worked up 
as described for monoacetyldelcosine except t ha t  it could not be sublimed. 
After several recrystallizations from alcohol-water, mono-(trichloroacety1)- 
delcosine melted a t  172.5-173.5' (wt. 125 mgm.). Found: C,  53.50, 53.41; 
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H, 6.47, 6.42; N,  2.56%. Calc. for C2dH3,07N.COCC13: C, 52.13; H ,  6.40; 
N,  2.34%. 

Diacetyldelcosine 

Delcosine (338 mgni.) was dissolved in dry pyridine (3.0 ml.) and freshly 
distilled acetic anhydride (2.0 ml.) added to the solution which was kept a t  
87' for eight hours. The colorless reaction mixture was co~icentrated under 
reduced pressure to a thick oil to which ethanol (1.5 nil.) and water (3.0 ml.) 
were added. The basicity of the solution was adjusted to pH 9 to 10 by the 
addition of 4% aqueous sodium carbonate. A white amorphous precipitate 
separated and the mixture was extracted with chloroform: The combined 
extract was evaporated to dryness under reduced pressure and the residual 
colorless oil (wt. 351 mgni.) dissolved in ethanol. Addition of water to the 
solution caused the separation of an oil which crystallized on standing over- 
night, wt. 320 mgm. After two recrystallizations from dilute ethanol diacetyl- 
delcosine consisted of colorless needles, m.p. 127-128'. I t  was sublimed 
(140' a t  lop4 mm.) without decomposition. PI<, 5.33 (pH a t  half titration in 
50% methanol). Found: C, 62.49, 62.76; H ,  7.99, 8.08; N, 2.89, 2.76; OCH3, 
17.14, 17.11; act. H (Zerewitinow), 0.36y0; niol. wt. (titration), 536. Calc. for 
C24H3707N.(COCH3)2: C,  62.55; H, 8.06; N, 2.61; 3 OCH3, 17.32; 2 act. H ,  
0.37y0; mol. wt. 537.6. The infrared absorption spectrum contained two 
absorption. bands a t  3459 cm.? and 3398 cm.-I indicative of two unreacted 
hydroxyl groups. I t  also contained a strong carbonyl band a t  1730 cm.-I and 
an ester band a t  1246 cm-I. 

Dipropionyldelcosine 

Delcosine (186 ~ngm.)  was added to dry pyridine (4.0 ml.) and propionic 
anhydride (1.0 ml.), and the mixture heated for three hou1-s a t  100'. The di- 
propionyldelcosine was isolated exactly as described for diacetyldelcosine, 
and after several I-ecrystallizations dilute ethanol melted a t  119-120'. I t  
could be sublimed (147" a t  10-5mn1.) without cleconiposition. Found: C,  
63.88; H ,  8.46; N, 2.58. Calc. for C24H3707N.(COC2H5)2: C, 63.69; H, 8.37, 
N,  2.48%. The infrared spectrum of this derivative contained two absorptio~l 
bands a t  3480 cm.-I and 3418 cm.-I in the OH region, a carbonyl band a t  
1732 cm.-I and a strong absorption peak a t  1190 cm.-I attributable to the 
ester groups. 

Further Acetylation Experiments 

A mixture of delcosine (427 mgm.) and purified acetyl chloride (5 ml.) was 
kept a t  roolii temperature for 72 hr. The excess reagent was distilled off under 
reduced pressure and the oily residue dissolved in dilute ethanol. The solutio~l 
was alkalized to pH 10 with 4y0 aqueous sodium carbonate and extracted 
with chloroforni. Addition of ether to the chloroform brought down a crystal- 
line precipitate which was filtered, m.p. 264-266'. Further additions of ether 
caused the precipitation of a second substance, which after two crystallizations 
from alcohol-ether proved to be monoacetyldelcosine, m.p. 186-189', wt. 
220 mgni. The higher melting product was recrystallized from alcohol-ether 
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from which it was obtained as colorless neeclles, m.p. 268.5-269.5". The infrared 
absorption spectruln showed no absorption in the OH region. Found: C, 
61.33, 61.39; H ,  7.38, 7.11; N,  2.51; OCH3, 16.01. Calc. for CllH350iN. 
(COCH,),: C, 61.82; H ,  7.62; N, 2.25; 3 OCH3, 14.98%. 

Delcosine (825 ingm.) and excess acetyl chloride (5 ml.) were maintained 
a t  60" for four hours. The excess acetyl chloride was evaporated underdimin- 
ished pressure, the residue dissolved in water, the solution alkalized with 
sodium carbonate, and extracted with chloroform. The residue left after 
evaporation of the chlorofornl was crystallized from methanol from which 
it separated in colorless needles, 1n.p. 159-161°, either alone or in admixture 
with the derivative of similar melting point reported by Marion and Edwards 
(4), [~y]~ '~+31"  (c, 2.92 in chloroform), yield 310 mgm. The mother liquors 
yielded a further 100 mgm. of the same derivative. A sample for analysis was 
dried for 12 hr. a t  92O a t  0.1 mm. Found: C, 64.82, 64.73; H,  7.85, 7.87; 
act. H ,  nil. Calc. for C18H4108N: C, 64.72; H,  7.95%. The infrared absorption 
spectrum of the substances showed no absorption in the OH region. 

From some preparations of the foregoing derivative, small quantities of a 
crystalline substance coulcl be obtained which was characterized by its relative 
insolubility in methanol. Through this property it could be purified readily 
and crystallized as needles, m.p. 204", either alone or in admixture with the 
"triacetyldelcosine" of Marion and Edwards (4). On the basis of the new 
formula this corresponds to a diacetyldelcosine, [o!]Dz8+7.5" (c, 1.6 in chloro- 
form). For analysis a sample was dried for 36 hr. a t  100° a t  0.1 mm. Found: 
C, 62.62, 62.42; H ,  7.66, 7.99; OCH3, 17.7; act. H (Zerewitinow), 0.41, 0.39%. 
Calc. for C21H3707N(COCH3)2: C, 62.55; H, 8.06; 3 OCH3, 17.32; 2 act. H, 
0.37%. This diacetyldelcosine was not identical with that described above 
(m.p. 127-128') and the infrared absorption spectra of both compounds show 
quite pronounced differences. 
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SOME REACTIONS OF ETHYL 2-PYRIDINEACETATE 
1,2-DICARBETHOXY-3-0x0-OCTAHYDROPYRROCOLINE' 

BY 0. E. EDWARDS, M. CHAPUT?, F. H. CLARKE~, AND TARA SINGH" 

ABSTRACT 

Ethyl a-acetosy-2-pyridineacetate ant1 ethyl a-bromo-2-pyridineacetate have 
been prepared, and the latter converted in three steps to 1,2-dicarbethoxy-3-0x0- 
octahydropyrrocoline. The  main carbonyl hand of simple saturated five mem- 
bered lactams in the infrared is observed to  lie close t o  1700 cm-I. 

The methyleile group of ethyl 2-pyridineacetate is of comparable activity 
to that of ethyl acetoacetate. For example, a useful anion can be obtained by 
reaction with sodiuin or potassiuin (1, 4). Further parallel between the 
reactivities of the two compouilds has now been found in the ease of bromina- 
tion and acetoxylation. Like acetoacetic ester (6), 2-pyridineacetic esters 
react rapidly with a molar equivaleilt of bromine a t  5OC. in carbon disulphide 
solution to give a-bromo esters, and react a t  room temperature with lead 
tetraacetate in benzene to give the a-acetoxy compound. In contrast, the 
methylene group of malonic esters does not react a t  a useful rate with lead 
tetraacetate in benzene until the solution is heated to around 100' (6). 

The synthesis of octahydropyrrocolines with reactive substituents has been 
achieved by Clemo and co-workers (2, 3, 4) and by Lions and Willison (10). 
The work of Diels and co-workers (5, and earlier papers) has led to pyrrocolines 
substituted with carboxyls, which presumably could be reduced to the corre- 
sponding octahydro derivatives. By reaction of ethyl a-bromo-2-pyridine- 
acetate with the anion from ethyl malonate, reduction of the product, and 
cyclization, 1,2-dicarbethoxy-3-0x0-octah~~dropyrrocoline 111 has now been 
obtained. The malonic hydrogen and carboxyl groups in this compound are of 
potential value for building additional rings on the five membered ring. 

The reactions used in preparing and characterizing the various products are 
shown in the flowsheet. The mixture obtained when the bromo compound 
reacted with the ~nalonic anion contained some ethyl 1,1,2,2-ethanetetra- 
carboxylate, probably arising from ethyl bromomalonate formed by bromine 
exchange. This could be partly removed by distillation under high vacuum, 
but the desired product I could not be distilled without considerable decom- 
position. By chron~atography on neutral alumina, however, I could be freed 
from the ethanetetracarboxylic ester, unchanged malonic ester, and colored 
impurities. 

I proved to be a very weak base (pKA around 2.4 in 50% aqueous methanol). 
A somewhat low basicity (PI< 3.6) has been observed for a,a-di-(2-pyridy1)- 

1 Alanuscript received M a y  7 ,  1954. 
Contribution from the Division of Pure Chemistry, Natiottal Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 3323. 
ZPresent address: Defence Research Laboratories, Ottawa. 
3Present address: Chenzistry Department, Columbia University, New York, N .  Y 
'National  Research Cou?tcil Postdoctorate Fellow. 
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y,y-dicarbethoxypropane (9). This may in part be due to interaction across 
space between the nitrogen and the ester carbonyls. In the case of I ,  however, 
the inductive effect of the three carbethoxy groups must be the main cause of 
the low basicity. The  ultraviolet spectrum of I (A,,, 261mp, log 6 3.54) was 
very similar to that of a-picoline, hence no rearrangenlent of the double bonds 
had taken place. 

Attempts to prepare ethyl a-@-di(2-pyridy1)-succinate by reaction of ethyl 
a-bromo-2-pyridineacetate and the anion from ethyl pyridineacetate gave 
intractable highly colored products. Similar resuits were obtained in an 
attempt to obtain this compou~id by coupling two nlolecules of the anion using 
iodine. 

When the crude I was hydrolyzed and decarboxylated, considerable tar was 
produced, but a 27% yield of P-(2-pyridy1)-propionic acid was obtained. 
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The  piperidine triester I1 underwent smooth cyclization when distillation 
was attempted and only the lactam I I I was obtained. When I I I was hydrolyzed, 
the mixture of stereoisomeric acids proved reluctant to cr)rstallize. On loilg 
standing, however, two diastereoisomers melting with decon~position near 170' 
were obtained in poor yield. 

The C = O  stretching vibration in saturated N-alkyl six membered lactams 
gives rise to an absorption band near 1640 cm.-I (8). The  position of this band 
for four pyrrolidoiles is indicated in Table I. Froin these observations it appears 

TABLE I 

Wave number, 
Conlpound cm.-' State 

-- -- 

Lactam 111 1705 L i q ~ ~ i d  film 
1690 Chloroform solution 

1690 Liquid h l n ~  
1680 Chloroform solution 

Octahydrogelsemine* 1693 Nujol mull 

2-Pyrrolidone 1695 Film from melt 

*The  az~thors wish  to thank Dr. L. Marion for perinission to use this valz~e. 

that in simple saturated systems the position of this band can be used to assign 
ring size to a lactam. The spectrum of the 3-0x0-octah~~dropyrrocolinedicarb- 
oxylic acid, however, had unusual absorption in the 6 p region, and the bands 
cannot be assigned to any individual vibration. 

I t  is interesting to note that  the relatively intense band in the OH,  N H  
stretching region (around 3450 c n r l )  which has been observed for N-alkyl six 
membered lactams (8) also appears in the spectra of the N-substituted five 
membered lactams. In a recent paper (11) this band has been attributed to  
water in the samples. We consider this ~rnlilcely in our own cases in view of the 
high distillation temperatures (center cuts were taken), the good carbon, 
hydrogen analyses of the co~npounds, and the complete disappearance of the 
bands in chloroform solution. Hence, unless some very unusual spectral effect 
gives rise to this band, it seems likely that it is due to the presence of consider- 
able enol in the liquid state. 

EXPERIMENTAL 

The  infrared spectra were taken on a Perkin-Elmer p nod el 21 double beam 
spectrophoto~neter with a sodium chloride prism. The  location of the bands is 
given in cm.-l followed in brackets by the percentage absorption. The ultra- 
violet spectra were taken using a Beckman11 D.U. spectrophotometer. 

Methyl a-Bromo-2-pyridineacetate 
Methyl 2-pyridineacetate (2.0 gm., b.p. 90°, 2 mm.) was dissolved in carbon 

disulphide in a flask surrounded by cracked ice. A solution of 2.2 gnl. of bromine 
in 10 ml. of carbon disulphide was added slowly while the reaction mixture was 
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stirred. After the acldition the reaction mixture was allowed to stand a t  room 
temperature for one hour. The  carbon disulphicle was boiled off and the 
residue covered with a layer of ether. Excess saturated potassiulll carbonate 
solution was added, the ether layer separated, and the aqueous layer extracted 
three times with ether. The  yellow oil recovered from the dried ether solution 
was distilled over a short path a t  a bath temperature of 90°, 0.2 mm. Yield, 
2.3 gm. Found: C, 41.78; H, 3.32; N, 5.69. Calc. for C8Ha02NBr: C, 41.76; 
H ,  3.51; N,  6.09. 

Ethyl a-Bromo-2-pyridineacetate 

Prepared as  described for the methyl ester in 77y0 yield. Distilled over a 
short path a t  a bath temperat~ire of 90°, 0.2 mm. Found: Br, 31.76, 31.12. 
Calc. for CBH10O2NBr: Br,  32.74. The co~npound is sensitive, and develops 
color on heating or keeping, hence the somewhat low bromine values. 

Ethyl a-(Dicarbethoxymethy1)-2-pyridineacetate ( I )  
T o  ethyl a-bro~no-2-pyridineacetate (2.75 gm.) in 10 ml. of absolute ethanol 

was added dropwise a solution of sodio-malonic ester (from 0.265 gm. of soclium 
and 1.80 gm. of ethyl malonate) in 5 cc. of ethanol. After the addition the 
mixture was allowed to sit for 0.5 hr. a t  room temperature. The  ethanol was 
then removed under reduced pressure. The  residue was taken up in methylene 
chloride, and this solution extracted three times with 3 N hydrochloric acid 
(40 cc.). The  inethylene chloride solution contained 2.8 gin. of oil. The  aqueous 
solution was made alkaline with ammonia and extracted with methylene 
chloride giving 0.91 gin. of base. 

The  neutral oil was chromatographed on 56 gnl. of neutral alumina (activity 
2-3, Brockmann scale). Three hundred cubic centimeters of benzene eluted 
2.38 gm. of pale reddish oil. The  reinaining esters were eluted with chloroform 
and ethanol in chloroform (304 mgm.). The  benzene eluates were rechroinato- 
graphed on 51 gnl. of neutral alumina activity 1-2. The  first three groups of 
eluates were colorless oils. Fraction 1 contained some ethyl malonate, and 

Solvent 
Weight 

Volume, eluted, h,,,,~ emax 
CC. mgm. in mp 

1. 50% Petroleum 400 876 . 260.5 1690 
ether - benzene 

2. Benzene 250 489 260.5 3420 

3. 50% Chlorolorm 200 276 260.5 3470 
benzene 

4. Chloroform and ethanol 400 490 Not determined 
in chloroform 

ethyl 1,1,2,2-ethanetetracarboxylate in addition to the desired product. The  
first two esters could be separated by distillation under high vacuum. T h e  
distillate crystallized. After recrystallization fro111 ether petroleum ether it 
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melted a t  76" (1,1,2,2-ethanetetracarboxylate melts a t  76"). F o ~ ~ n d :  C, 52.81; 
H, 6.93. Calc. for C14132208: C, 52.82; H ,  6.97. 

Fraction 3 in 0.01 N hydrochloric acid in ethanol had A,,, 262 mp, log E 3.78. 
I t  had a P K . ~  of 2.4 in Soy0 aqueous methanol. 

Distillation of a sample of fraction 3 under 5 X 1 0 - h m .  and a bath 
temperature of 110" gave an orange oil, and left a tarry residue. The dis- 
tillate was analyzed. Found: c, 58.00; H,  6.71. Calc. for C16H2106N: c, 59.43; 
H ,  6.55. 

Hydrolysis and Decarboxylation of I 
Four grams of crude I was hydrolyzed with hot dilute sodium hydroxide 

solution. The solution was made just acid to Congo red paper with hjdro- 
chloric acid. The water was removed under reduced pressure and the residue 
extracted with ethanol. This was transferred to a bulb and heated under 
0.2 mm. pressure. At  120" brisk decomposition took place. The product was 
then sublimed under 3 X lop3 mm. pressure, giving 520 mgm. of crystalline 
solid. This was suspended in hot benzene and filtered. The crystals melted a t  
141" (0-(2-pyridy1)-propionic acid is reported to melt a t  141" (7)). Found: 
C, 63.38; H ,  5.79. Calc. for C8H902N: C, 63.56; H ,  6.00. 

A sample of 1, calculated from the ultraviolet spectrum to contain 1.2 gm. 
of the triester, was dissolved in 15 ml. of ethanol containing 0.5 11-11. of concen- 
trated hydrochloric acid. I11 the presence of platinum from 0.16 gm. of platinum 
oxide this absorbed 260 ml. of hydrogen a t  25°C. in 35 min. (2.9 moles per mole). 
After removal of the catalyst and ethanol, the product was dissolved in dilute 
acid and the neutral impurity extracted with ether. The acid solution was 
made basic with sodium carbonate and the base extracted with methylene 
chloride giving 960 mgm. of colorless oil. No crystalline picrate of this base 
could be obtained. On treatment with acetic anhydride a t  room temperature 
a sample of the base gave a neutral oil. When the base was distilled under 
mm. a t  a bath temperature of 120°, a neutral oil resulted which analyzed, 
correctly for the pyrrocolone. Found: C, 59.75; H ,  7.56. The distillate was 
dissolved in methylene chloride, washed with acid and alkali, dried, and the oil 
redistilled. Found: C, 59.78, 59.20; H ,  7.50, 7.31. Calc. for C1dHY1OSN: C, 
59.33; H ,  7.49. Infrared spectrum (liquid film) : 3450 (12), 2960 (56), 2880 (35), 
1740 (93), 1705 (94), 1452 (67), 1435 (62), 1404 (49), 1375 (63), 1315 (58), 
1263 (83), 1237 (79), 1215 (go), 1180 (78), 1117 (38), 1097 (40), 1030 (66), 
972 (27), 949 (21), 915 (1 l ) ,  885 (18), 855 (32), 700 (27). 

A solution of 0.98 gm. of base from the hydrogenation of I was saponified 
overnight with sodium hydroxide in aqueous ethanol. The solution was made 
just acid to Congo red paper with hydrochloric acid, then evaporated to dry- 
ness under reduced pressure. No amino acid could be extracted from this 
residue by boiling chloroform. The salts were dissolved in 6 N hyclrochloric 
acid, then the solution taken to dryness. The residue was taken u p  in water 
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and again taken to dr)-ness under reduced pressure. The solicl alas extracted 
with cold dry ethanol, giving 0.73 gin. of viscous oil. This was readily soluble 
in chlorofornl. When a concentrated chloroform-ether solution of this acid 
stood for several weeks a crystalline compound (40 mgm.) separated. After 
two recrystallizations from acetone ether this gave 10 mgm. n1.p. 175' dec. 
neutral equivalent: 107. Calc. for C10H1305N, neutral equivalent 113.6. On 
long standing the main mother liquor deposited a second crop of crystals. After 
recr5-stallization 60 mgm. was obtained, m.p. 171' dec. When mixed with the 
first crop this melted a t  165' dec. Found: neutral equivalent, 126; C, 53.18; 
H ,  5.69; N, 6.38. Calc. for ClOHl305N: C, 52.86; H ,  5.77; N,  6.17, neutral 
equivalent, 113.6. The pKA7s of the two carboxyl groups,ulere approximately 
4.1 and 5.7 in 50% aqueous methanol. 

Ethyl a-Acetozy-2-pyridineacetate 

(a) Ethyl a-bromo-2-p~7ridineacetate (1.13 gm.) was added to a solution of 
4.0 gm. of sodium acetate in 20 cc. of ethanol and 1 cc. of water. The mixture 
was refluxed for six hours, the solvent then removed under reduced pressure, 
and the residue extracted with ether. The 715 mgm. of oil recovered from the 
ether was distilled a t  a bath temperature of 97' under 0.2 mm. pressure giving 
490 mgm. of nearly colorless oil. Found: C,  59.20; H ,  5.63. Calc. for CllH13N04: 
C, 59.18; H ,  5.87. Infrared spectrum (liquid film) 3480 (G), 3080 (16), 3000 (37), 
1750 (93), 1600 (65), 1580 (45), 1479 (56), 1443 (65), 1376 (75), 1342 (46), 
1235 (83), 1216 (91), 1187 (go), 1099 (53), 957 (27), 925 (26), 830 (18), 754 
(57), 699 (29), 649 (25). 

The base, probably because of its low basicity, formed a picrate which had 
more of the character of a molecular complex than that of a salt. I t  was quite 
soluble in ether, and it had to be crystallized from a concentrated solution in 
this solvent. I t  melted a t  100'. Found: C,  45.22, 45.53; H,  3.55, 3.65. Calc. for 
C I ~ H ~ ~ N . I O ~ ~ ,  C, 45.14; H ,  3.57. 

(b) Ethyl 2-pyridineacetate (2.0 gm.) was added to  a solution of 4 gm. of 
lead tetraacetate in 30 cc. of benzene. Some heat was evolved, the solution 
turned brown, and a crystalline precipitate settled. After one hour a t  room 
temperature the mixture was filtered and the solid washed with benzene. The 
benzene solution was washed with sodium bicarbonate solution, dried, and 
distilled. A residue of 1.6 gm. of dark liquid remained. This was distilled over 
a short path a t  a bath temperature of 85-120" under 0.3 mm. pressure. The 
600 mgm. of brown distillate was redistilled, giving 450 mgm. of faintly 
colored oil. The infrared spectrum of this was identical to that of the product 
from (a). 

I-Methyl-2-pyrrolidone5 
This was distilled under one atmosphere pressure (b.p. 200°), a center cut 

being taken for the spectra. Calc. for CSHSON: C, 60.58; H ,  9.15. Found: C, 
'60.90; H ,  9.24. Infrared spectrum: (a) Liquid film, 3480 (34), 2950 (39), 
2900 (38), 1690 (92), 1508 (48), 1479 (40), 1465 (42), 1442 (45), 1432 (48), 
1407 (55), 1303 (67), 1267 (45), 1230 (18), 1173 (13), 1114 (36), 1025 ( lo) ,  
985 (25), 925 ( l l ) ,  847 ( l l ) ,  740 (13), 650 (34). (b) Chloroform solution 31 
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mgm. per n11. ; 3020 (GCi), 2900 (33), 1680 (97), 1508 (51), 1479 (37), 1465 (36), 
1446 (40), 1432 (44), 1410 (SF)), 1305 (67), 1266 (43), 1210 (67), 1175 (14), 
1115 (33), 1025 (9), 985 (22). 

5The  authors w i sh  lo l knnk  the General A n i l i n e  and Filnz Corporalion Jor generous g q l s  of these 
compounds. 

Melting point 25". For the spectrum, a crystal was melted between rock 
salt plates. Infrared spectrum: 3260 (49), 2980 (29), 2910 (30), 1695 (89), 
1500 (20), 1470 (31), 1445 (27), 1431 (30), 1385 (18), 1290 (50), 1272 (40), 
1230 (12), 1170 ( lo) ,  1070 (21), 996 (22), 916 (7), 885 (9), 680 (32). 
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THE C1"SOTOPE EFFECT IN THE CONDENSATION OF 
BENZOYLBENZOIC ACID-CARBOXYL-C1"O 

ANTHRAQUINONE-9-C1" 

ABSTRACT 
Bcnzoylbenzoic acid-carbosyl-CIA has been synthesized. '[he C" isotope 

effect in the colldensation of this acid to anthraquino~~e-9-C14 in concentrated 
sulphuric acid has been ~neas~rred and the ratio of the reaction rates, k ( 1 4 ) / k ( 1 2 ) ,  
found to be 1.074 f 0.003. I t  is suggested that this result supports the mechanism 
for this reaction proposed by Newman. 

INTRODUCTION 

A simplified theoretical treatment of isotope effects on reaction rates has 
been given by Bigeleisen (3). He predicts that substitution of a heavier 
isotopic atom in a given molecular species will generally cause the reaction 
rate constant for that species to decrease. This might be ternled the "normal" 
isotope effect. The Bigeleisen treatment also gives the theoretical conditions 
which nlust obtain in a reaction for a " re~erse"~  isotope effect to occur. I t  
appears that these conditions are most likely to be satisfied in reactions where 
bond formation is the rate controlling step. 

In almost all of the reactions in which carbon isotope effects have been found 
to occur thus far, bond cleavage is the rate controlling step. In these reactions 
the isotope effect is "normal", with the exception of the iodination of acetone 
(12). An explanation of the reverse isotope effect found in this reaction has 
been given by Yankwich (18). A reverse nitrogen isotope effect has been 
observed in the deammonation of phthalamide (15). 

We were led to investigate the CI4 isotope effect in the condensation of 
o-benzoylbenzoic acid-carboxyl-C14 to anthraquinone-9-C'" because it appeared 
that carbon to carbon bond formation could be the rate controlling step in the 
reaction. This paper reports a "reverse" isotope effect in this reaction and dis- 
cusses how this result supports the mechanism proposed for the reaction 
by Newman (10). 

EXPERIMENTAL 

A. Preparation of o-Benzoylbenzoic Acid-carboxyl-C" 

o-Benzoylbenzoic acid-carboxyl-C1has synthesized using the following 
sequence of reactions: 

&fanuscript received February 19 ,  1954. 
Contrib~~tzon from: Chenzislry Branch, ALotizic Elzergy of C(zl~c~da I.iirrrle(1, Chnlk /Zii.ei. 

Ontario. Issued as  A .  E .  C .  L. No. 11 8 .  
2I.e. for Lhe heavier isotopic tnolec~~le to have the greater rate co7~sta~ll .  
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o-Bromobenzophei~one was prepared according to the method given by 
Bergman (2). o-Bromodiphenyl methane was obtained by a Clemmenson 
reduction of this ketone following the method of Clarltson and Gornberg ((5). 
Benzylbenzoic acid-carboxjil-Cl%vas prepared by carbonating the Grignard 
made from the o-bromodiphenylmethane on a 5 n1M. scale using a vacuum 
line technique which has been described earlier (IG). The benzylbenzoic acid- 
~ a r b o x y l - C ~ ~  was oxidized to  benzoylbenzoic acid-carboxyl-C14 using potassium 
dichromate in acetic acid. This acid was diluted with several times its weight 
of inactive o-benzo)-lbenzoic acid and recrystallized from 15% aqueous 
alcohol, m.p. 127°C. 

B. The Condensat:io?~ Reaction 

The condensation of o-benzoylbenzoic acid to  anthraquinone in concen- 
trated sulphuric acid was found to be a first order reaction by Gleason and 
Dougherty (8). 

The experimental procedure used for our work was as follows: A sample of 
o-benzoylbenzoic acid-~arboxyl-c '~,  approximately 3.5 gm., was accurately 
weighed into a dry 50 ml. glass stoppered erlenrneyer flask. Concentrated 
sulphuric acid (25 ml.) was added and the flask reweighed. After the organic 
acid was completelj- dissolved, a 10 ml. sample of the homogeneous solution 
was withdrawn and run into a dry weighed glass stoppered tube. The tube and 
contents were weighed and placed in a thermostated water bath a t  80 f 0.5"C. 
for 15 min. This temperature and time of reaction were known to  give about 
10% reaction. The sulphuric acid solution was then poured onto approximately 
50 gm. of crushed ice, and the tube was thoroughly rinsed out with cold water. 
The mixture was digested on a hot water bath for a half hour, and the precipi- 
tated anthraquinone filtered into a weighed sintered glass gooch crucible and 
washed with dilute ammonia solution and water. The crucible and contents 
were dried in a vacuum desiccator over concentrated sulphuric acid and then 
weighed. The extent of the reaction was c;~lculated from the known weights. 

A second 10 ml. sample of the sulphuric acid solution of o-benzoylbenzoic 
acid-carboxyl-CI4 was withdrawn, heated, and treatecl in the same manner to 
give a second sample of anthraquinone-9-CI4. 

The flask with the residual sulphuric acid solution (approximately 5 ml.) 
was heated a t  100°C. for three hours, which converted the remaining o- 
benzoylbenzoic ;icid-carb~xyl-C'~ ~,ractically quantitatively into anthra- 
quinone-9-CI4. 

The entire proceclure was repeatecl to give three more salnples of anthra- 
qi~inone-g-C'~, two from partiall!, I-eactecl o-benzoylbenzoic acid-carboxyl-C14 
and one from coml~letely reacted o-benzoylbenzoic acid-carboxyl-Cu. 

The remaining o-bcnzoylbenzoic :~cicl-carboxyl-C14, about 0.5 gm., was 
heated in 5 ml. o i  c.oncent.1-atccl sulphuric acicl for five hours and the anthra- 
quinone-9-CI4 isolated in the usual m;unner to give a third sample of anthra- 
quinone-9-CI4 from co~npletel\. rcactcd o-benzoylbenzoic acid-carboxyl-CI4. 

All sanlples ol ; in thn~~uinone-! ) -P  \\.ere recrystallized from absolute 
ethanol and vat-uum dried I~elore I-aclioactivit!. measure~nents were made. 
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In most previous xvork on C14 isotope effects in this laboratory (5, 16, 17) 
relative specific activities have been determined by comparing the counting 
rates of uniform, extremely thin samples of labeled compounds prepared by 
evaporation of knoxvn amounts of appropriate solutions on stainless steel trays. 
This technique did not give the clesirecl reproducibility with anthraquinone- 
9-C1? An adaptation of a method recently described by Schwebel, Isbell, and 
Karabinos (14) was then used with very satisfactory results. Briefly, the method 
consists of dissolving a labeled compound in a suitable, relatively nonvolatile 
solvent and using a thick layer of solution, i.e. a layer thicker than 25 mgm./ 
tin.?, as a sample for counting in a gas-flow proportional counter. 

The technique we adopted was as follows: an approximately 20.0 mgm. 
sample of an anthraquinone-9-C1%sanlple was accurately we'ighed (&0.02 mgm.) 
into a 2 ml. glass-stoppered volumetric tube. Concentrated sulphuric acid was 
added to give 2 ml. of solution. A 200 X sample of this sulphuric acid solution 
was pipetted into a stainless steel dish and the dish rapidly transferred to a 
methane-flow proportional counter shown in Fig. 1. Five such samples were 
counted for each solution and two different sulphuric acid solutions were made 
up from each original anthraquinone-9-CI4 sample. 

-0011 TUNGSTEN WIRE 

FIG. 1. Sectional view of methane-flow proportional counter and sample dish assembly. 

Initially, it was found that a sample counting rate gradually decreased as a 
sample was counted over a period of an hour. This was found to be caused by 
some component of the cominercial methane (96% methane) dissolving in 
the concentrated sulphuric acid solution. The difficulty was overcome by scrub- 
bing the inethane with concentrated sulphuric acid before it entered the 
counter. 

This thick layer solution counting techniq~~e has the advantage, compared 
with either thick or thin solid sainple'counting, that counting samples are more 
reproducible. This is because a uniformly smooth layer, the entire area of 
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STEl'Eh'S .AND CROIVDER : CONDENS.4 TION OF BENZOYLBENZOIC ACID 795 

which is "infinitely thickw3 for C14 P particles, is presented to the counter. 
For a given area of sample, the measured C 1 h c t i v i t y  for any solution is 
volume independent, i.e. is independent of the thickness, provided the thick- 
ness is greater than 25 m g m . / ~ m , ~ ,  and is directly proportional to the con- 
centration of dissolved labeled compound within comparatively wide limits. 

R E S U L T S  

Stevens and Attree (17) derived the equation 

to express the C14 isotope effect in a given reaction, q~iantitatively. In this 
equation, k(14)/k(12) is the ratio of the reaction rate constant of the C14 
labeled compound to the reaction rate constant of the unlabeled cori~pound, 
f is the fraction of initial compound reacted, and r is the ratio of the specific 
activity of the accumulated product, after fraction f has reacted, to.-the 
specific activity of the product after complete reaction. This equation has been 
used to calculate the C14 isotope effect in the present reaction. 

The experimental results and calculated isotope effect are summarized in 
Table I. The "relative specific activities" given are the activities of the 

T A B L E  I 
E X P E R I M E N T A L  R E S U I ~ T S  

Relative 
Anthraquinone-9-C" Fraction specific Specific 

sample No.  reacted (f) activities act ivi ty  
k ( 1 4 ) / k ( 1 2 )  

l n  (1  - r f ) / l n  ( r - f )  
(counts/min.)  ratio ( r )  

1 T ' Reaction 4716 =t 43 
2 T . t a k e n t o  4700 =t 42 
3 T completion 4766 ?c 49 

Average 4727 & 28 

Average 1.074 f .003 

concentrated sulphuric acid solutions, measured under our standard conditions, 
normalized to a standard concentration of 10 mgm. of anthraquinone-9-Cl" 
per ml. of solution. Each value is the average for ten separate counting samples, 
five from each of two separate sulphuric acid solutions. The standard deviation 
in the counting rate is shown in each case. 

The specific activity ratios were calculated using the average specific 
activity value for the three complete reaction samples as denominator. 

3A thickness such that all particles originating at tlze bottom of the sample layer are conzpletely 
absorbed by the overlaying sample itself. The sanzple thus exhibits saturatio?~ activity. For C", 
this thickness i s  not greater than 25 mg~n. /cn t .~  
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The  limit given for the average value of k(14)/k(12) is the probable error 
calculated directly froin the four separate values obtained. 
Sources of Error.-The values for k (14)/k (12) are rather,insensitive to  errors in 
f, when f is approximately 0.1. A 3% error in f ,  for any sample, would only 
change the k(14)/k(12) value for that  sample by approxiinately 0.001. As can 
be seen from Table I ,  the probable counting errors are below 1%. The  greatest 
source of error would seem to  occur in determining the coilcentration of the  
sulphuric acid solutions prepared for counting purposes. The  weighing errors 
were negligible a t  approximately 0.170, but  the limits given by the manufac- 
turer for the volumes of the 2  ml. graduated tubes are f0.03 ml., or l3YO. 

DISCUSSION 

In  1942, Newman (10) commented: "Although ring closure condensations 
with acids of the o-benzylbenzoic and 7-arylbutyric type take place fairly 
readily in sulphuric acid, anthraquinone formation remains a reaction unique 
in organic chemistry. The  ease and high yield with which this condensation 
takes place ortho t o  a ketonic function are indeed remarkable". H e  proposed 
the following mechanism for the reaction: 

His evidence for the equilibrium in reaction [ I ]  was the fact that  after a 
solution of o-benzoylbenzoic acid in cold concentrated sulphuric acid was 
poured into methanol, a high yield of the pseudo methyl ester was obtained. 
This reaction was formulated as: 
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Conversely, after a sulphuric acid solution of the pseudo ester was poured into 
water, a good yield of o-benzoylbenzoic acid was obtained. (The true ester was 
only hydrolyzed to  a small extent by this latter treatment.) More recently, 
Newman (11) measured the freezing point depression of solutions of o-benzoyl- 
benzoic acid in concentrated sulphuric acid and found that  the van 't Hoff 
"i factor" is 3.8, thus confirming that a carbonium ion is formed in sulphuric 
acid and also indicating that the equilibrium position in reaction [ I ]  lies far 
to the right. 

Newman's argument for reaction [2] was that  ring closure would be a very 
unlikely reaction for the lactone to undergo because of steric factors, and tha t  
since anthraquinone is only formed very slowly unless the solution is heated, 
the lactone ring is very probably broken on heating. There is some evidence 
for this reaction since Newman found that  on heating a pseudo ester with 
mineral acid, or thionyl chloride, a large fraction isomerizes to the normal 
ester. 

Reaction [3] may be considered as a benzene substitution reaction involving 
cationoid attack. The carbonyl group would be expected to  be meta directing. 
However, the mesomeric effect of the carbonyl group in this instance may be 
shared by the two benzene rings, thus lessening its effect on the mono- 
substituted ring. The steric advantages to ortho substitution may well be then 
the determining factor in the substitution orientation. 

In terms of this mechanism, the reaction rate, v,  may be expressed as follows, 
using square brackets to  indicate concentrations. 

[ I ]  v = k 1  [C] 
PI = k1K2 [B] 
[31 = k1K1K2 [A] 
The rate constant ratio determined experimentally is in terms of a different 
rate constant, k ,  which is defined by the equation 

[61 

From [ I ]  and [6], C
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A much simpler relation between these two rate constants may be obtained 
by making an approximation. Newmarl's work indicates that K1 is large and 
Kz small, so that [A,] and [C] are both small quantities comparecl wi th  [ B ] .  
Equation [4] above may thus be written, 

[7] v = k [ B ] .  

From [2] and [7] ,  k = kll<z, and hence, as a good approxin~ation, 

On the basis of the theory of absolute reaction rates developed by Eyring 
(9), the ratio of the reaction rate constants for two isotopic molecules under- 
going a given reaction in the same reaction vessel may be expressed as: 

In this equation the K'S are transn~ission coefficients, the m*'s are the effective 
masses of the activated complexes along the coordinate of decomposition, the 
6's are the lengths of the tops of the potential energy barriers, and the Q's are 
complete partition functions. Q~ refers to the activated complex molecules 
and Q, to the reactant molecules. The subscripts 1 and 2 refer to the reactions 
of the two isotopic molecules respectively. The  factor m* is usually calculated 
as the reduced mass, mml/m + ml, of the two atoms involved in the bond being 
broken or formed in the rate controlling step of the reaction. 

Bigeleisen and Mayer (4) have shown that the ratio of the partition functions 
of two isotopic molecules can be expressed as a simple function of the vibra- 
tional energy levels of the molecules. Using various approximations, Bigeleisen 
(3) obtains the equation - 

for the reaction rate constant ratio for isotopic molecules where the Au's are 
small. u = hcw/kT, Au = hc/kT(wl - wZ), and G(u) = 1/2 - l / u  + l /(eu- 1). 
In the derivation of this equation, it is assumed that the effect of isotopic 
mass on the potential energy surface of the reacting molecules is negligible 
and that the transmission coefficients, as  defined in reaction rate theory, are 
practically identical for the two isotopic molecules, so that K~ = K Z  and 
81 = 62.  For calculation, all the fundamental vibrational frequencies of the 
isotopic reactant and activated complex molecules, the wi's, would have to be 
known. 

Bigeleisen's equation separates isotope effect into two factors: (1) a "reduced- 
mass effect" which expresses the effect of mass on the frequency of rupturing 
or forming the critical bonds in the activated complexes, and (2) a "zero-point 
energy effect" which expresses the effect of mass change on the equilibrium 
between the reactant molecules and the activated complexes. 
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Usually the lighter isotopic molecule will have the greater reaction rate 
constant. This is because the reduced mass effect factor (m2*/ml*) is greater 
than unity (if the subscript 1 refers to the lighter molecule) and because, 
especially in bond cleavage, the reacting nlolecules are generally more "tightly 
bound" than the activated complex molecules, which results in 

The condition for the heavier molecule to have the greater reaction rate 
constant, i.e. for a "reverse" isotope effect to occur, according to the Bigeleisen 
equation, is: 

The "reverse" CL4 isotope effect observed in the condensation of o-benzoyl- 
benzoic acid appears explicable in terms of the Bigeleisen tl~eoretical treatment 
on the basis of the reaction mechanism proposed by Newman, if bond formation, 
equation [3], is the rate controlling step. The two isotopic reactant carbonium 
ions, species C, must be compared with the two corresponding isotopic activated 

INITIAL STATE 

--- --- 

ACTIVATED 
STATE 

ENERGY LEVELS 

G" MOLECULES -- - - CI4 MOLECULES 

REACTION COORDINATE 

FIG. 2. Potential energy diagram. 
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complex molecules. Owing to the partial formation of a carbon-carbon bond, 
an activated complex molecule is then more "tightly bound" than a corre- 
sponding reactant molecule. Certain internal rotational degrees of freedom 
present in the reactant molecule go over into bending vibrational modes in the 
activated state. The ~ ( d )  AU' terms for these modes can be expected to  be 
larger than the corresponding terms for the reactant n~olecule. I t  may be 

3NL-6 3N- 6 

expected therefore that  x i  ~ ( ~ ~ 2 )  A~~~~ will be greater than xi G ( ~ ~ )  

for this reaction. 
The situation may perhaps be more easily understood in terms of a potential 

energy curve, Fig. 2. In the initial state, the energy levels of the two isotopic 
~nolecules are different, with the levels for the heavier molecule lying below 
those for the lighter molecules. The  same situation holds in the activated state, 
but because the molecule is now more tightly bound as a result of incipient 
carbon-carbon bond formation, the energy levels in the activated state are 
more widely separated than in the initial state.4 The  energy requirement to 
attain the activated state is therefore greater for the lighter molecules than 
for the heavier molecules, even though the lighter n~olecules have the higher 
energy content in the initial state. The net result is that  the concentration of 
activated complex molecules, relative to reactant molecules, is greater for the 
heavier isotopic species than for the lighter isotopic species, and the heavier 
species reacts more rapidly than the lighter species on this account. 

The magnitude of the experimental value for the isotope effect, as expressed 
by the ratio k(14)/k(12), is somewhat surprising, however, for two reasons. 
Firstly, one might have expected that the "reduced-mass effect" factor, which 
is a measure of the relative rates of passage of activated complexes over the 
energy barrier, would counteract the "zero-point energy effect" factor to a 
large extent. Secondly, it is almost certain that  the ratio K(14)/K(12) is less 
than unity, perhaps having a value as low as 0.95. (This follows from the same 
argument already given above to hypothesize a higher relative concentration 
of activated complex molecules for the heavier isotopic molecules than for the 
lighter isotopic molecules.) 

The significant fact is that a value even larger than the experimentally deter-. 
mined 1.07 is indicated for k1(14)/k1(12), the reaction rate constant ratio for 
the unidirectional bond-formation process in this reaction. 

One additional point may be worth noting. As previously stated, in the 
development of the expression for the ratio of reaction rate constants for iso- 
topic molecules, it has been assumed that the transmission coefficients are 
identical. Calculations (1) using simple hypothetical molecules have shown, 
however, that transmission coefficients for isotopic molecules can differ 
appreciably. The possibility that some of the isotope effect observed in this 
condensation reaction is due to differences in transmission coefficients cannot 
be ignored even though calculations for this example are completely impractical. 

411 nzight be noted tltat the departure of t l ~  hydrogen atom front a reacting niolecule contributes 
almost exactly the same energy claunges to botlt isotopic molecular species since the hydrogen i s  
attached at a n  unlabeled position. 
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T h e  only logical conclusion which can be drawn from the reverse isotope 
effect observed, as  far as  reaction mechanism is concernecl, is t h a t  bond 
formation is the rate controlling step in the condensation of O-benzoylbenzoic 
acid to  anthraquinone. The  mechanis~n proposed by Newman is thus supported. 
The  measurements are of interest also because only one other "reverse" isotope 
effect has been reported5 for C14 (12). 
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AN EXAMINATION OF MAYER'S THEORY OF IONIC SOLUTIONS 
THE CALCULATION OF THE RELATIVE APPARENT MOLAL HEAT CONTENT 

AND APPARENT MOLAL VOLUME OF SODIUM CHLORIDE 
IN AQUEOUS SOLUTIONS AT 25'C.I 

ABSTRACT 

Mayer's theory gives a good representation of the apparent molal volunle 4v 
of sodium chloride in aqueous solution a t  25'C. up to a concentration 0.4 molar. 
Representation of the relative apparent molal heat content 4~ is also satisfactory 
Sut over a smaller range of concentration. The shape of the 41, curve is strongly 
influenced by the temperat~lre dependence of the distance of closest approach of 
oppositely charged ions in the solution. Methods of evaluating this term are 
considered. The utility of Mayer's theory for the extrapolation of experimental 
data to infinite dilution is illustrated in the case of 4~ and of intermediate heats 
of dilution. 

I. INTRODUCTION 

A theory of ionic solutions based on a virial expansion of the osmotic pressure 
of a solution has been published recently by Mayer (10). Tlie statistical develop- 
ment is similar to that used in treating imperfect gases. A model of hard 
spherical ions with coulombic interactions in a dielectric continuum is assumed. 
According to Mayer, the resulting expression for the concentration dependence 
of the logarithm of the activity coefficient retains terms correct up to and 
including c3I2.  Scatchard (16) has discussed the theory in some detail and coin- 
pared it with the Debye-Hiickel theory and its various extensions. 

Fornlulae for the thermodynamic properties of a solution in terms of the 
Mayer theory have been derived by Poirier (13). In a second paper, Poirier 
(14) has tabulated the functions necessary for numerical evaluation of these 
formulae and has applied them to the calculation of the stoichiometric mean 
ionic molar activity coefficients of several different valence type electrolytes 
in aqueous solution a t  25OC. For sodium chloride, agreement between theory 
and experiment is good up to about 0.4 molar, where the deviation amounts to 
1.5%. The representation for higher valence electrolytes in dilute solution 
is also quite reasonable, but the discrepancy between theory and experiment 
becomes noticeable a t  lower concentrations with increasing complexity of the 
valence type. 

The success of the Mayer theory, as indicated by Poirier's calculations, is 
sufficient to justify its further examination. In particular, since all the numeri- 
cal computations have been restricted to activity coefficients a t  25OC., an 
investigation of other thermodynamic properties should be of interest. In this 
paper, the relative apparent molal heat content d L  and the apparent molal 
volume 4V of sodium chloride in water a t  25OC. are calculated from Mayer's 
theory. Comparison of the results with experimental data provides a check, 

1Manuscript received M a y  5, 1954. 
Contribution from the Division of Pure Chenzistry, National Research Council, Ottawa, Canada. 

Issued as N.R.C. No. 3328. 
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BENSON: IVAYER'S THEORY OF IONIC SOLUTIOA~S 803 

for a 1-1 electrolyte, on the temperature ancl pressure clependence predicted 
by the theory. 

The  notation and values of the numerical constailts employed by Poirier 
in his two papers (13, 14) have been adopted in the present worlc and are 
summarized for convenient reference in the next section. The  calculation of 4, 
is described in Section I11 ancl tha t  of +V in Section IV. This is followed by a 
discussion of the results in Section V. 

11. SUMMARY OF NOTATION AND FORMULAE 

In this paper, the set of "natural" variables used to described the thermo- 
dynamic state of. a two-component system are the temperature, T ,  external 
pressure, P, moles of solvent, nl', and moles of solute, n2'.2 Parenthesis with a 
natural variable written as subscript indicates differentiation of the enclosed 
quantity with respect t o  that  variable, keeping the other members of the 
natural set constant. 

Mayer's theory leads to the following expressions3: 

for the relative apparent molal heat content and the apparent: molal volume 
of the solute in an ionic solution a t  temperature T ,  pressure P, and concen- 
tration c moles per liter. 

In equation [ l ]  +Hz and d H I O  are the apparent molal heat contents of the solute 
in the solution a t  concentration c and a t  infinite dilution respectively. T h e  
quantities rl,  7 2 ,  ul, and u2 are defined by 

ZPoirier ( I S ,  1 4 )  denotes moles of solvent and solute by nl and ns respecti71ely. A dash has been 
added to avoid a n y  confusion with the quantities n, to be defined later. 

JEquation [dl is a more generalfornr of equation 94 i n  reference IS  where the (In a ) ~  term has been 
neglected. Also, a n  omzssion appears to have been made i n  printing eq~ration 94.  The first term on 
the right-hand side sholrld be [ ( l / S ) 8 ,  - (In K ) P ]  In f ' ~  i n  order that 9" lzave the Debye-Huckel 
limiting slope (d/S)<S/7;v) at high dil~4tions (see reference;, pp. 50,596).  Th is  has been confirmed by  
repeating Poirier's derivation. 
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In equations [ I ]  to [6] the Debye-Hiickel limiting expressioil for the logar- 
ithm of the activity coefficient 

[71 
where 

18 I = (4riVOc2n2v~)' 
1000 KkT 

is used as a convenieilt parameter. The quantities al l  PI,  and K are respectively 
the coefficient of thermal expansion, the coefficient of isothermal compressibil- 
ity, and the dielectric constant, all for the pure solvent a t  temperature T and 
pressure P. Vz0 is the partial molal volume of the solute in an infinitely dilute 
solution a t  temperature T and pressure P. The symbols R, k ,  No, and E have 
their usual meanings (i.e. gas constant per mole, Boltzrnann constant, Avo- 
gadro's number, and electronic charge, respectively). 

A solute molecule dissociates into v, ions of types, each having charge Z, in 
protonic units. The total number of ions formed by the dissociation of one 
molecule is 

[91 ,l = c Ys. 
S 

The quantity n2 is a special case of the set n, defined by 

for all positive integral values of the index p. 

The distance of closest approach of oppositely charged ions in the solution 
is represented by "a" and is related to the parameters A and (p by the equations 

The functions b,(q), g,(q), and h,(q) are defined by certain definite integrals 
which have been tabulated (14) numerically a t  rounded values of (p for p in 
the range 0 to 16. 

The formula for the logarithm of the stoichiometric mean ionic molar 
activity coefficient of the solute in the solution a t  temperature T and pressure 
P is 
[I21 In f = In f' - PoBm [ v z O / v  RT + {In f'], (In K ) p  - P I ]  
where 
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BENSON: M A  YBR'S THEORY OF IONIC SOLUTIONS 805 

and the osmotic pressure is given by 

The stoichiometric mean ionic molal activity coefficient fm can be calculated 
from 
1161 In f,, = In f - In dl - In (m/c) 
where dl is the density of the pure solvent and m is the ~nolality corresponding 
to the molarity c. 

The numerical values of the constants taken from Birge (1) and used in the 
computations of Sections I11 and IV are 
R = 8.31436 X lo7 erg deg.-I mole-' = 1.986467 cal.15 deg.-I moleu1, 
k = 1.38047r X 10-l6 erg deg.-l, 

No = 6.02283 X loz3 mole-', 
c = 4.80251 X 10-lo abs. e.s.u. 

The required properties of pure water and of the solute in aqueous sodium 
chloride solutions are su~n~narized in Table I. For a 1-1 electrolyte n, is equal 
to unity for all even values of p and vanishes for all odd values. 

The quantity a which occurs implicitly in the above formulae through A 
and cp must be treated as a disposable parameter. For sodium chloride in 
water a t  25OC., Poirier (14) used the experimental value of fm a t  m = 0.1 
(given in Table I) in equations [12] to [16] to  determine the value of A .  The 
result A = 0.54641 is equivalent to a = 3.90 A. The  use of this value in equa- 
tion [12] gives a reasonable representation of the activity coefficient up to 
0.4 molar as mentioned in Section I. Poirier's value for A a t  25OC. is adopted 
in the present calculations. 

TABLE I 
DATA FOR PURE WATER AND FOR SODIUM CHLORIDE I N  AQUEOUS SOLUTIONS 

Temperature 
Property 

20°C. 1 25.C. 1 30°C. 

111. T H E  RELATIVE APPARENT MOLAL H E A T  CONTENT O F  
SODIUM CHLORIDE I N  AQUEOUS SOLUTIONS A T  25°C. 

l- 

The quantities r1  and r 2  in equation [l] can be calculated as functions of the 
concentration, using the data listed for 25°C. in Table I ,  along with Poirier's 

-- 

Aqueous - IVaC1 Solzitions 
Vzo 

f,.(m = 0.1) 0.779 
c(m = 0.1) 0.099640 

16.62 

0.778 
0.099517 

---- 

16.97 

0 777 
0.099384 

-- 

c ~ n . ~  mole-' 

mole l.-I 

2, 3, 5, 8, 
9, 18 

7, p. 557 
7, p. 556 
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value of A and tables of the functions b,(+~) and g,(p). Coinplete evaluation of 
+L however requires a knowledge of (In a).. A similar term in the Debye- 
Hiickel theory is frequently neglected (6, 12). After a cliscussion of this 
quantity, Poirier (13) concludes that there is no reason why (In a). should be 
negligibly small, though evaluation of it "is somewhat problematical". 

An examination of the results of Harned and Ehlers (6) for aqueous hydro- 
chloric acid solutions indicates that values of (In a). of the order of c1eg.-' 
are quite possible. The results of assuming 104(ln a ) T  = 0, 5, 8, 10, 12, 15, and 
20 in equation [ I ]  are plotted against ci in Fig. I .  For comparison, the Debye- 
Hiickel limiting slope $xH) (see page 596, reference 7) and the "experimental 
dataH4 tabulated in reference 7 (see pp. 539-40) are also indicated in this 

FIG. 1. Relative apparent molal heat content of sodium chloride in aqueous solutions a t  
25°C. The values of 10'(ln a ) ~  are indicated on the calculated curves. 

figure. I t  can be seen that the shape of the 4, curve is quite sensitive to  the 
value of (In a).. Also, it is obviously impossible to reproduce the experimental 
4, curve over an extended concentration region such as 0 to 0.4 molar with 
anything like the success achieved in the case of the activity coefficient. A 
value of 104(ln a )T  in the range 8 to 10 gives a fairly good fit up to 0.1 molar. 

After this preliminary examination it is interesting to investigate possible 
methods of estimating the best value of (In a )T from experimental data. Two 
distinct ways appear possible. Briefly these are (a) through use of experi- 
mental data for activity coefficients a t  other temperatures around 25"C., and 

'These data are actr~ally the results of processing ezperinzental heats of dilution i n  accordance 
with the Debye-Huckel theory. Later, i n  Section 111 of this paper, i t  i s  shown that a similar treat- 
ment using Mayer's theory leads to  essentially the same data. 
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BENSON:  MAYEK'S THEORY OF IONIC SOLUTIONS 807 

(b) through the use of experimental heats of dilutions (or equivalent data) a t  
25°C. These possibilities will be considered in turn. 

(a) Determination of (In a),  from Activity Coeficient Data at 20' and 30°C. 

At each temperature the value of In f,, (for m = 0.1) can be calculated using 
Poirier's tables of b,(cp), g,(cp), and h,(cp) a t  four round values of cp so chosen 
that two of the results are greater and two less than the experimental value 
given in Table I. Lagrangian interpolation a t  20°C. leads to A = 0.545g3. 
A similar calculation a t  30°C. gives A = 0.54694.5 From these values and 
A = 0.546& a t  25"C., (In A), is found to be 1.8 X lO-"eg.-l a t  25OC. 
The corresponding value of (In a) , calculated from 
[17] (In a), = (In A ) ,  - T-l - (In K)T 
is 
[18] (In a), = [1.8 - 33.S4 + 45.791 X = 14.0 X (leg.-'. 

The plot of +, against ct for 10"ln a), = 14 deg.-I is also shown in Fig. 1. 
At high dilutions the calculated curve agrees well with the experimental one. 
Around 0.01 molar the theoretical curve is a few calories per mole lower. This 
difference increases to 10 cal. mole-' a t  0.1 molar and then decreases to zero 
where the curves cross near 0.3 molar. Above this concentration the theo- 
retical values are higher than the experimental curve. Although 104(ln a), 
= 14 deg.-I gives a fit to about =t12Y0 up to nearly 0.4 molar, the more 
empirical calculations outlined a t  the beginning of this section indicate that!a 

/ 
' LEAST SQUARE LINE 

' At+O,l-s~-T,= -85.20Z+8.864 X I O - ~ ~ ~  I 

1 O - ~ X T ~  IN  CAL. OEG./MOLE 

FIG. 2. Extrapolation of intermediate heats of dilutio~l and the determination of (In a ) ~  
for aqueous sodium chloride solutions a t  25'C. 

5Since i t  i s  unlikely that a jive d e ~ r e e  change i n  temperature will shift the "concentratiott l imit  
of validity" below 0.1 from the value 0.4 molar established at 25'C. by Poirier, noattemnpt was made 
to test the values of A at 20' and 30°C. by comparing calculated and experimental valrres for the 
activity coeficiext over a range of concentration at each temperature. 
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somewhat lower value .ivould give a m~ich better fit over the 10.i.i~ concentration 
range. 

(b) Determination of (In a) , from Intermediate ETeats of Dilution at 25OC. 

The calculation described in part (a) does not appear to be a good method 
of finding the best value of (In a), since it is subject to large errors resulting 
from small relative uncertainties in the data  employed. Accordingly, it is 
preferable to  evaluate (In a), more directly from experimental heats of 
dilution. 

From equation [I] ,  A13(o.l,,) the intermediate heat of dilution from 0.1 
molar to concentration c can be written as 
[I91 A H ( o . ~ + ~ )  - T~ = 4Hz0 - 4 H z ( ~  = 0.1) + (In a ) ~  7 2 .  . 
Employing Robinson's data  ((15), see also (7), p. 225) for AH(o.l+,) a t  25OC., 
the left-hand side of equation [19] is plotted against 7 2  in Fig. 2. The  results 
show a definite linear trend, although some scatter arising from experimental 
error is apparent. Using the method of least squares the results can be expressed 
by the linear form 
P O I  AH(o.l,,) - 71 = -85.202 + 8.864 X 10:" 72. 
From the slope and intercept of this line the values 
[all 104(ln a),  = 8.864 deg.-I 
and 
[a21 AH(o .~ ,~ )  = -85.202 cal. mole-' 

are obtained a t  25OC. The relative apparent molal heat content corresponding 
to  104(ln a),  given by equation [21] has been added to Fig. 1. The resulting 
curve, as expected, agrees very well with the experimental curve within the 
experimental error up to about 0.07 molar; beyond this concentration the devi- 
ation increases rapidly. 

Values of the relative apparent molal heat content determined from Robin- 
son's results extrapolated to zero as just described can be calculated from the 
equation 
[231 +L = - AH(o.I,o) + AH(o.l+c, = 85.202 + AH(o.  I,,,. 
These points are also plotted in Fig. 1. 

IV. T H E  APPAREN'I' MOLAL VOLUME O F  S0DIUR.I CHLORIDE 
I N  AQUEOUS SOLUTIONS AT 25°C. 

In evaluating 4, from equation [2], the quantity (In a), introduces difficulties 
similar to those associated with (In a ) T  in the previous section. Poirier (13) 
has concluded that (In is quite snlall and in deriving the forn~ula for 4, 
assumed that i t  could be neglected. A similar assumption is usually made in 
corresponding treatments (1 1, 12) by the Debye-Hiickel theory. However, 
Wirth and Collier (19) have found that  apparent molal volume data for 
perchloric acid, sodium ~)crchlorate, and hydrochloric acid can be fitted better 
by usingvaluesof (In a), = -2.68 X lo-", -0.15 X 10-u,and -0.7 X lo-" 
(dynes/~m.~)-I ,  respectivell-. Accordingly, in the present case (In a), is retained 
and the magnitude of it will be chosen to give agreement with experimental 
results. 
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BENSON: AIAYER'S THEORY OF IONIC SOLUTIONS 809 

Another problem that becomes apparent after a few con~putations is that the 
value of PzO a t  25OC. used by Poirier (14) ancl employed so far in these cal- 
culations is not consistent with the application of the present theory to 
available experimental clata (9, 18) on the apparent nlolal volun~es of s o d i ~ ~ m  
chloride in moderately dilute solutions. The value P?" = 16.62 ~ m . ~  mole-' 
has presumably been obtained by extrapolation of a 4V vs. cf plot. Owen and 
Brinkley (12) ancl Owen ( l l ) ,  investigating the problenl from the point of 
view of the Debye-Hiickel theory, concluded that such extrapolatio~ls might 
lead to consiclerable errors. In  the present case the most consistent course is to 
determine VZ0 by processing the experimental data  in a fashion compatible 
with Mayer's theory. 

In Fig. 3 the difference between the experimental values of 4V and values of 
wl calculatecl from equation [5] are plotted against w e  calculatetl from equation 

6.58 
LEAST S Q U A R E  LINE 7 @ 

Z # ~ - W ~ = I  6.542+0.208~l 0-I' Y,/ n I 

FIG. 3. Extrapolation of the apparent molal volumes of sodium chloride irl aqueous solutions 
a t  25°C. to inhnite dilution. 

cl" S Q U A R E  ROOT OF M O L A R I T Y  

FIG. 4. Apparent molal voltrrne of sodium chloride in aqueous solutioils a t  25'C. Curve is 
calculated from Mayer's theory using Vao = 16.512 ~ 1 1 7 . ~  111oIe-1 and (In = 0.20s X 10-l1 
(dy II~s/cIII.?)-~. 
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[GI. If the experi~nental data were perfect and the theory correct, a straight 
line should result. The equation of the least square line is 

and from this the values 

and 

[261 

are ~ b t a i n e d . ~  The theoretical curve for + based on the values given in Y 
equations [25] and [26] is plotted against c T  in Fig. 4. The agreement with 
experimental data is very good and within experimental error over the whole 
range up to c = 0.4 molar. 

V. DISCUSSION 

The calculations outlined in the preceding sections indicate that  Mayer's 
theory gives a very satisfactory representation of the apparent molal volume 
of the solute in aqueous sodium chloride solutions a t  25OC. up to the concen- 
tration limit of validity (0.4 molar) set by Poirier from a study of activity 
coefficients. The temperature dependence of the theory is not as good as this, 
though a good representation of up to about 0.07 molar can be obtained with 
104(ln aT) = 8.86 deg-I. 

There is no independent check on the values of (In a). and (In a), given in 
equations [21] and [25]. The maximum of the curve appears to be coilnected 
intimately with the term (In a)., though in the present case the theory starts 
to fail before the maximum is reached. The assumption that (In a). = 0 is 
quite poor and i f  heats of dilution or other data are not available to determine 
(In a). it would probably be better to assume (In A)  . = 0 (see equation [18]). 
The value of (In a), is small and, though comparable in magnitude, has the 
opposite sign to values for other electrolytes obtained by Wirth and Collier 
(19) from an application of the Debye-Hiickel theory. The quantity wz is 
approximately proportional to c and a t  c = 0.4 molar the term (In a), w2 
makes a contribution of only 0.025 ~ m . ~  mole-' to +V. 

I t  appears that Mayer's theory may be of use in extrapolating experimental 
data to  infinite dilution. This has been illustrated for AH(o.I,,, and for 4,. 
If only the intercept is required it is sufficient to replace the abscissae in Figs. 2 
and 3 by c since 7 2  and w 2  are approximately proportional to the molarity. 
The values resulting from these extrapolations are in good agreement with the 
most recent extrapolations based on the Debye-Hiickel theory by Owen and 

61t does not seem possible lo reconcile the previous valzle l/zO = 16.62 with the data treated i n  
this way.  I f ,  itzstead of delermining the least spzrare litze, a n  arilhnzelic meun i s  laken of 6" - w l  

the valzie of V? i s  16.552 c n ~ . ~  mole-l. 
The  osmotic correcliorz ter?~t i n  equation [I21 i s  slrougly depelzdelzl on l /zO;  however the whole 

conlribzrtiot~ of this tern1 lo In f at 0.1 nrolar is  o?zly abozll 4 %  and oarinlions dzre to u decrease of 
4 %  i n  Vz0 will have a negligible eflect on the preuiotis calczilalions and i n  parliczilar ox the valzie 
used for A. 
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Brinkley (12)-(see also reference 7, pp. 595-9). These authors obtained the 
values 8 2 '  = 16.538 c n 3  mole-I and AH(o.l+o, = -85.01 cal. mole-I.' 

Evidently r$H2 and 6, for sodium chloride solutions a t  25'C. can be repre- 
sented by either Mayer's theory or the Debye-Huckel theory with very nearly 
equal success; however, the following difference should be noted. In the present 
work based on Mayer's theory the terms (In a), and (In are retained and 
must be treated as adjustable parameters since independent evaluation is not 
available. In the calculations of Owen and Brinkley (12, see equations 32 
and 31) both (In a), 86 and (In 8c are put equal to zero but terms +KHc 
and +Kvc are retained. KH and KV can be related to the B-coefficient (and its 
temperature and pressure derivatives) of the empirical linear term in the 
Debye-Huckel expression for the activity coefficient (see equations 3-8-8 
and 3-9-5 of reference 7) but must also be treated as adjustable parameters. 
Since e can be expressed as a power series in KU with leading term unity (12, 
see equation 24a), the procedure used by Owen and Brinkley may partially 
retain the (In a), and (In terms hidden in the coefficients KH and K,. 
From this point of view, the terms of the representation by Mayer's theory 
are more closely related to  the theoretical model than in the corresponding 
Debye-Huckel treatment. 

Although it is dangerous to generalize on the basis of the single example 
studied in this paper, the above conclusions are probably applicable to  other 
1-1 electrolytes and in a more restricted range to  higher valence types. 
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NOTES 

A MODIFIED KNORR PYRROLE SYNTHESIS" 

Intermediates for the synthesis of porphyrins are obtained by combining 
isonitroso-Icetoesters with ethyl, benzyl, or t-butyl acetoacetates in the I<norr 
synthesis, and converting the products into pyrroles with a free /3 position 
by partial hydrolysis and pyrolysis (2), catalytic debenzylation and pyrolysis 
(3), or pyrolysis (5), respectively. 

Another modification has been found in which isonitrosoacetoacetic ester 
and p-toluenesulphonylaceto~~e are coxnbined in the Icnorr s)mthesis to give 
Ia in 4% yield. Although this was converted into Ib in 76% yield by Raney 
nickel desulphurization, the method was not extended beyond this model in 
view of the low yield in the Knorr synthesis. The  method \voulcl be useful in 
cases where the high temperature necessary for decarboxylation was to  be 
avoided. 

EXPERIMENTAL 

p- Toluenesulphonylacetone 

A 54% yield of recrystallized product m.p. 51-52' was obtained according to 
Otto and Otto (4). 

2,4-Dimethyl-3-p-tolz~enesz~lphonyl-3'-ypyole ( l a )  

Sodium nitrite (7.5 gm.) in a little water was added to ethyl acetoacetate 
(13 gm.) in acetic acid (30 cc.) a t  4-8' and the excess nitrite destroyed with 
ammonium sulphamate. After the addition of acetic acid (70 cc.), ammonium 
acetate (15 gm.), and p-toluenesulphonylacetone (21.2 gm.), the mixture was 
warmed to 60' ancl held a t  that  temperature by cooling and stirring while 
zinc dust (30 gm.) was added in portions. After a further 15 min. the solution 
was decanted into ice water (2 liters) and the zinc washed with acetic acicl 
(50%, then glacial). After four hours a t  0°, the precipitate was collected, 
washed with N sodium hydroxide to remove unchanged sulphone and zinc 
salts, dried, and extracted with petrol ether (b.p. 60-75') (thimble) to remove 
2,4-di1nethyl-3,5-dicarbethoxypyrrole. When the residue was extracted with 
ethanol (thimble), the extract concentrated to 20 cc. and kept a t  0°, the pyl-role 
(1.2 gm., 4%) separated as  s~nal l  colorless plates, m.p. 185-186', ~~nchanged  by 
recrystallization. Ehrlich's reaction was positive hot. Calc. for C ~ ~ H I ~ O ~ N S :  

*Issued as N.R.C. No. 3819. 
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C ,  69.79; H ,  5.96; N,  4.36; S ,  9.98%. Found in inaterial dried a t  100" ,in vacuo: 
C, 59.87; H,  6.15; N,  4.38; S,  9.94%. 

2,~-Dimethyl -5-carbetho~yrrole  (Ib) 

The pyrrole sulphone (1.22 gin.) was refluxed for four hours with freshly 
prepared W-6 catalyst (1) (20 cc.) in absolute ethanol (60 cc.). The catalyst 
was separated and washed by centrifuging, and the ethanol evaporated. 
The residue was extracted with petrol ether (b.p. 60-75", 50 cc.) (thimble), 
giving the pyrrole as colorless prisms (0.342 gin.) 111.p. 123-124" on cooling of 
the extract; concentration gave a second crop (0.143 gm.; total 76%) n1.p. 
122.5-123.5". Both crops gave a positive Ehrlich's reaction cold, and did not 
depress the melting point of authentic material of m.p. 123-124". Calc. for 
C9Hla02N: C, 64.65; I-I, 7.83; N, 8.38y0. Found in material recrystallizecl from 
hexane and dried in vaczlo: C, 64.44; H,  7.54; N,  8.37%; Lassaigne test for 
sulphur, negative. 

1. BILI~ICA, H. R. and ADKINS, H. Org. Syntheses, 29: 24. 1049. 
2. FISCHER, I-I. and WALLACH, B. Rer. 58: 2818. 1925. 
3. MACDONALD, S. F. C l l e ~ n i s t r ~  and Industry, 759. 1051; J. Chem. Soc. 4176. 1952. 
4. OTTO, R. and OTTO, W. J. prakt. Chem. 36: 401. 1887. 
5. TREIBS, A. and OTT, W. Naturwissenschaften, 40: 476. 1953. 

O R G A N I C  D E U T E R I U M  C O M P O U N D S  
X I I .  B E N Z E N E - d ~ *  

Several methods of preparing benzene-ds were reviewed ancl evaluated by 
Ingold and Wilson (3). These authors reported that the exchange reaction 
between benzene and 50 mole % deuter i~~m sulphate - deuterium oxide 
solution gave benzene-d6 of higher cleuteriuin content than any other method. 
They pointed out that the nickel catalyzed vapor phase exchange between 
benzene and deuterium oxide discovered by H o r i ~ ~ t i  and Polanyi (2) and 
developed by Bowman, Benedict, and Taylor (1) gave benzene-d6 which 
contained 14 mole % CsD5H.t Notwithstanding this criticism by Ingold a n d .  
Wilson, it seemed desirable to reinvestigate the heterogeneous exchange 
reaction between benzene and deuterium oxide on account of its simplicity. 
After exchanging benzene four times with deuter i~~rn oxide a t  110°C. in the 
presence of platinum black, a product was obtained which contained less than 
4 mole yo CCoD5H and was 99.2y0 deuterated. Such material is satisfactory for 
most purposes. The advantages of the present method are that the reaction 

*Issued as N.R.C. No. 3326. 
tShortly after this paper had been sr~bnzilted for pz~blicalion Diron and Sckiessler ( J .  Am. 

Clzem. SOC. 76: 2197. 1954) reported the method of preparation of benzene-ds of Ingold and Wilson 
( 3 )  to be superior to that of Bowman, Benedict, and Taylor (1).  
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C ,  69.79; H ,  5.96; N,  4.36; S ,  9.98%. Found in inaterial dried a t  100" ,in vacuo: 
C, 59.87; H,  6.15; N,  4.38; S,  9.94%. 

2,~-Dimethyl -5-carbetho~yrrole  (Ib) 

The pyrrole sulphone (1.22 gin.) was refluxed for four hours with freshly 
prepared W-6 catalyst (1) (20 cc.) in absolute ethanol (60 cc.). The catalyst 
was separated and washed by centrifuging, and the ethanol evaporated. 
The residue was extracted with petrol ether (b.p. 60-75", 50 cc.) (thimble), 
giving the pyrrole as colorless prisms (0.342 gin.) 111.p. 123-124" on cooling of 
the extract; concentration gave a second crop (0.143 gm.; total 76%) n1.p. 
122.5-123.5". Both crops gave a positive Ehrlich's reaction cold, and did not 
depress the melting point of authentic material of m.p. 123-124". Calc. for 
C9Hla02N: C, 64.65; I-I, 7.83; N, 8.38y0. Found in material recrystallizecl from 
hexane and dried in vaczlo: C, 64.44; H,  7.54; N,  8.37%; Lassaigne test for 
sulphur, negative. 
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2. FISCHER, I-I. and WALLACH, B. Rer. 58: 2818. 1925. 
3. MACDONALD, S. F. C l l e ~ n i s t r ~  and Industry, 759. 1051; J. Chem. Soc. 4176. 1952. 
4. OTTO, R. and OTTO, W. J. prakt. Chem. 36: 401. 1887. 
5. TREIBS, A. and OTT, W. Naturwissenschaften, 40: 476. 1953. 

O R G A N I C  D E U T E R I U M  C O M P O U N D S  
X I I .  B E N Z E N E - d ~ *  

Several methods of preparing benzene-ds were reviewed ancl evaluated by 
Ingold and Wilson (3). These authors reported that the exchange reaction 
between benzene and 50 mole % deuter i~~m sulphate - deuterium oxide 
solution gave benzene-d6 of higher cleuteriuin content than any other method. 
They pointed out that the nickel catalyzed vapor phase exchange between 
benzene and deuterium oxide discovered by H o r i ~ ~ t i  and Polanyi (2) and 
developed by Bowman, Benedict, and Taylor (1) gave benzene-d6 which 
contained 14 mole % CsD5H.t Notwithstanding this criticism by Ingold a n d .  
Wilson, it seemed desirable to reinvestigate the heterogeneous exchange 
reaction between benzene and deuterium oxide on account of its simplicity. 
After exchanging benzene four times with deuter i~~rn oxide a t  110°C. in the 
presence of platinum black, a product was obtained which contained less than 
4 mole yo CCoD5H and was 99.2y0 deuterated. Such material is satisfactory for 
most purposes. The advantages of the present method are that the reaction 

*Issued as N.R.C. No. 3326. 
tShortly after this paper had been sr~bnzilted for pz~blicalion Diron and Sckiessler ( J .  Am. 

Clzem. SOC. 76: 2197. 1954) reported the method of preparation of benzene-ds of Ingold and Wilson 
( 3 )  to be superior to that of Bowman, Benedict, and Taylor (1).  
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time is shortened and the rather tedious preparation of deuterium sulphate is 
avoided. 

EXPERIMENTAL 

A mixture of benzene (5.0 ml., previously dried and distilled over sodium), 
deuteriunl oxide (10.0 ml., 99.5751, and platinum black (0.3 gm., prepared by 
reducing Adams' catalyst with deuterium) was heated in a sealed tube with a 
re-entrant joint in a rocking furnace for 12 hr. a t  llO°C. After the tube had 
been opened with a magnetic hammer while attached to a vacuum line the  
deuterated benzene was fractioned and then distilled through a U-tube con- 
taining Drierite into a trap. T h e  benzene was recovered nearly quantitatively. 
A small sample was removed for mass spectrometric analysis and the balance 
was distilled into another reaction tube containing platinum black and fresh 
deuterium oxide. This operation was repeated twice more. T h e  deuterium 
content after each exchange is shown in Table I. 

TABLE I 
DEUTERIUM CONTENT I N  MOLE PER CENT AFTER EACH EXCHANGE 

- 

BOWMAN, P. I.,  BENEDICT, W. S., and TAYLOR, H. S. J. Am. Chem. Soc. 57: 960. 1935. 
HORIUTI, I. and POLANYI, M. Trans. Faraday Soc:30: 1164. 1934. 
INGOLD, C. K. and WILSON, C. J. Chem. Soc. 915. 1936. 
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Issued by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOL. 32 SEPTEMBER 1954 NUMBER 9 

HYDROLYSIS OF CELLULOSE ACETATE SULPHATE 
IN ACETONEL 

ABSTRACT 

When cellulose acetate sulphate is dissolved in acetone the hydrolysis of the 
sulphate ester is rapid compared with that of the acetate ester. In 70% acetone 
the relative rates are reversed. Hydrolysis of the sulphate ester in acetone is greatly 
affected by the temperature. At 25°C. or greater the hydrolysis is conlplete after 
24 hr. A potentiometric titration method has been developed for the estimation 
of sulphuric acid in the presence of smaller amounts of acetic acid. 

INTRODUCTION 

The  nitration of cellulose by a mixture of nitric and sulphuric acids results 
in a nitrocellulose containing about one per cent of sulphate. The  sulphate 
content depends on the composition of the mixed acids and on other factors. 
In spite of considerable experimentation, there is some doubt about the form 
of the sulphate which is variously described as  mechanicalljr held ( 2 ) ,  inorganic 
(7), fixed sulphuric acid (4), or an acid ester and a neutral ester (5). The  
majority of workers have assumed the existence of some type of chemical 
bonding without providing direct evidence. Sheppard (8) estimated the 
sulphate content of unstabilized nitrocellulose by dissolving the ester in ace- 
tone and reprecipitating it with water. The acid liberated was titrated directly 
in the presence of the precipitate. The  results obtained were said t o  correspond 
to  the  acidity extracted with dilute sodium bicarbonate solution. The present 
work was suggested by an argument advanced by ChCdin and Tribot (2) to  
the effect tha t  the  removal of sulphuric acid by  solution in acetone and repre- 
cipitation in water supports the idea tha t  the acid is mechanically held. The  
inference appears to  be based on the assumption tha t  sulphate cleavage in 
acetone is not the likely reaction of a cellulose mixed ester containing sulphate 
groups. There is however considerable evidence t o  show tha t  the rate of sol- 
volysis of the sulphate ester of a cellulose mixed ester depends on several 
factors of which the liquid medium appears to be the  most important. The 
solvolysis of both the sulphate ester and the acetate ester in acetic acid is 
well known (6). Cleavage of the acetate ester in water is more rapid than 
decomposition of the sulphate ester (3).  

'Manuscript received Apri l  28, 1954. 
Contribution front Canadzarz Armament Research a?zd Development Establish~izent, Valcartier. 
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Similar evidence for nitrocellulose is somenrhat an~biguous because of the 
uncertainty regarding the relative amounts of  free sulphuric acid and sulpl~ate  
ester in a given sample. Several examples, however, will serve to  illustrate the 
importance of the liquid medium. In water, prestabilized nitrocellulose pro- 
duces mainly nitric and sulphuric acids as a result of the decomposition of the 
respective esters, the relative amounts of the two acids depending on the age 
of the sample (5). The  slow release of the free sulphuric acid 01- combined ester 
in water is in contrast to  the rapid release of sulphuric acid in ethanol (1). 

The  acetylation of cellulose using sulphuric acid as  a catalyst produces a 
mixed ester of acetic and sulphuric acids. While con~mercial methods are 
designed t o  produce a cellulose acetate having a minimum sulphate content, it 
is possible, by selection of the appropriate conditions, t o  prepare a product 
containing 2y0 or more of sulphate. Malm et al. (6) have shown that  the 
sulphate in well washed unstabilized cellulose acetate consists entirely of a 
sulphuric acid ester, RS04H. Samples can be dissolved in acetic acid and 
precipitated with only slight loss in sulphate (6). Titration and ion displace- 
ment reactions recently reported in detail (3) show one equivalent of acidity 
for each atom of sulphur. 

A review of the literature yields little informatioil about the properties of 
cellulose acetate sulphate in various liquid media. According t o  Malm et al. (6), 
the sulphate content of cellulose acetate sulphate may be reduced to  about 
0.05Yo sulphur by  dissolving the mixed ester in 99% acetone and precipitating 
it with water. This is in contrast t o  the relatively slow decomposition of the 
sulphate ester in acetic acid. The present investigation was carried out to  study 
the hydrolysis in acetone of the sulphate ester of cellulose acetate sulphate 
with a possible application t o  the reaction of nitrocellulose in the same solvent. 

EXPERIMENTAL 

Fibrous cellulose acetate sulphate was thoroughly washed with distilled 
water and a portion removed for sulphate determination. The  preparation of 
the cellulose acetate sulphate and the determination of sulphate content have 
been described previously (3). A known weight of damp cellulose acetate 
sulphate (approximately 1.5 gm. dry weight) was added to  redistilled acetone 
(100 ml.) and the solution maintained a t  25O =t O.l°C. for varyi'ng periods of 
time. The  degree of hydrolysis during tha t  period was estimated by  determin- 
ing the amount of acetic and sulphuric acid formed, using a special potentio- 
metric titration method. 

Tztrimetric Analysis of a Mixture of Acetic aad Sulphuric Acids 

The  method is based on the fact tha t  the ionization constant of acetic acid 
can be sufficiently depressed in a nonaqueous solution to  permit its estimation 
in the presence of a strong acid. Known mixtures of dilute sulphuric and 
acetic acid in 70% acetone were titrated with N/100 sodium hydroxide using 
a model H-2 pH meter and a glass and saturated calomel electrode system. 
The pH curves shown in Fig. 1 are typical of those obtained in 70y0 acetone. 
An inflection in the curve a t  about pH 5 is noticeable in the presence of as 
little as 5% acetic acid but it is not sharp enough to permit direct estimation 
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KEIRSTEAD A N D  MYERS: CELLULOSE ACETATE SULPHATE 

FIG. 1. Titration curves of mixtures of acetic and sulphuric acids in 200 ml., 70% acetone. 
Curve 1-50% acetic 
Curve 2-30% acetic 
Curve 3-20% acetic 

of the sulphuric acid equivalence point. Experiments showed, however, that 
the ratio of the titers a t  two selected pH readings was proportional to the 
acetic acid content. In 70y0 acetone the acetic acid content was proportional 
to the ratio of the titers a t  pH 5.5 and 10. The titer a t  pH 10 was also equiva- 
lent to the total acidity providing a small correction was made for a blank on 
the acetone solution. 

Some experiments were also carried out using 50% acetone and 90% 
acetone solutions. In soy0 acetone the ratio of the titers a t  pH 5 and 8 was 
found to be proportional to the acetic acid content but the method was not as 
sensitive for small amounts of acetic acid. In goy0 acetone the method was 
found to be unsuitable since the pH curve exhibited inflections a t  pH 4, 7.5, 
and 10. 

The acetic acid content of unknown mixtures of the two acids in 70y0 
acetone was determined from a calibration curve (see Fig. 2) showing the 
relationship between the per cent acetic acid and the ratio of the titers found 
a t  pH 5.5 and 10. In all titrations the initial volume was 200 ml. 

Procedure for Estimating the Degree of Hydrolysis of Cellulose Acetate Sulphate 

(a )  In Acetone Solution 
When the cellulose acetate sulphate sample had remained in acetone for the 

desired time the volume was adjusted to 200 ml. and the acetone concentration 
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RATIO pH 5.5 TO 10 

FIG. 2. Calibration curve showing per cent acetic acid in  200 ml. acetone (70%). 
, / , .  

to  70%. A precipitate of cellulose acetate usually formed when the sample 
had been in contact with acetone for three days or more. The precipitate was 
not usually removed prior to  titration unless some additional da ta  were 
required. The mixture or filtrate was titrated with 0.0113 N sodium hydroxide 
using a Beckman Model H-2 pH meter with a glass and saturated calomel 
electrode system. The titers a t  pH 5.5 and 10 were recorded and the per cent 
acetic acid calculated with the aid of the calibration curve (Fig. 2). The  
sulphuric acid content was taken as  the difference between the total acidity 
(at pH 10) and the acetic acid content. 

The per cent hydrolysis is given by (a/%) X 100 where "a" represents the 
number of millin~oles of sulphate ester (RS04H) which has been converted to  
HzS04, and "x" represents the number of millimoles of sulphate ester in 
100 gm. of the original sample. I t  should be pointed out however that  when the 
precipitate is not filtered off prior to titration the mixture contains "x - a" 
millimoles of RS04H plus "a" millimoles of HzS04 which on titration will 
require x - a + 2a = x + a milliequivalents. The  milliequivalents of acid 
Yound on titration therefore represent x + a ,  not "a". If, on the other hand, the 
precipitate is removed prior to titration the milliequivalents of acid found 
r$present 2a since the precipitate containing x - a has been removed. 

(b) Hydrolysis in  Acetone Followed by Precipitation with Petroleum Ether 

,!After the cellulose acetate sulphate sample had remained in acetone for the 
de~i red  time, 100 ml. of petroleum ether was slowly,added to the well agitated 
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mixture. The resulting precipitate was filtered off and its sulphate content 
determined gravimetrically (3). The sulphate content thus found was a 
measure of the unchanged sulphate ester. 

RESULTS AND DISCUSSION 

Hydrolysis of Cellulose Acetate Szilphate in Acetone 
The results shown in Table I indicate that when cellulose acetate sulphate 

remains dissolved in acetone for 24 hr. or more, the sulphate ester is colnpletely 
hydrolyzed. The amount of acid found is about double that  of the original 
sulphate ester providing a correction is made for the acetic acid formed by the 
partial hydrolysis of the acetate ester. 

TABLE I 
HYDROLYSIS OF CELLULOSE ACETATE SULPHATE IN ACETONE 

Original 
Time in Acetic acid Sulphuric sulphate 

Expt. acetone found ( O / o  of acid found ester Hydrolysis, 
No. (days) total acidity) (m.e.*/100 gm.). content % 

Average: 97.7 

In experiments 1 to 4 the cellulose ester was precipitated on dilution of the 
acetone and it was possible to remove it by filtration, so that  the titration was 
carried out on the filtrate. In experiments 5 to  9 no precipitate was formed. In 
experiment 10 a precipitate was formed but it was not removed prior to 
titration. The  fact that si'milar results were obtained whether or not the 
cellulose ester was removed prior to  titration is further evidence that hydrolysis 
of the sulphate ester was complete within the limits of experimental error. 
Since the acid found after coinplete hydrolysis is a measure of the original 
sulphate ester, i t  is evident that this method could be used for estimating the. 
sulphate ester content of cellulose acetate. I t  is not as coilvenient however as  
the methods described earlier (3). 

Accuracy of the Titrimetric fifethod i n  Acetone 
The accuracy of this method of estimating sulphate content was checked by  

comparing it 'with the sulphate found in the filtrate by a gravimetric method 
the accuracy of which has already been verified (3). Five samples of cellulose 
acetate sulphate were allowed to stand in acetone for varying times after which 
water was slowly added and the precipitated cellulose acetate carefully ie- 
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moved by filtration. The  sulphuric acid in the filtrate was first determined by 
the titrimetric method and the same filtrate was then evaporated to dryness 
and the sulphate content determined gravimetrically. As shown in Table 11, 
the average difference between the two methods was about two per cent. 
This would indicate that  the titrimetric method of estimating sulphuric acid 
in the presence of acetic acid is fairly reliable. 

TABLE I1 
COMPARISON OF TITRATION AND GRAVIMETRIC METHODS OF DETERMINING 

SULPHURIC ACID IN THE PRESENCE OF ACETIC ACID AND ACETONE* 
-- 

Time in Acetic acid 
Expt .  acetone (% of total Sulphate, m.e./100 m . *  Difference, 
No. (days) acidity) Gravimetric Titration % 

-- 

10.0 39.8 38.3 -3.8 
9 .5  39.2 41.8 + 6 . 6  

13.5 42.4 42.6 +0.9 
23.0 39.2 40.5 f 3 . 3  
30.0 39.2 41.0 +4.6 

Average difference = +2.3 

*In filtrate, after remooal of precipitated cellzrlose acetate. 

E fec t  of Ternperatz~re on  Rate of Hydrolysis 
Results of hydrolysis experiments a t  25OC. (Curve B) and a t  34°C. (Curve 

A )  for various periods up to  five hours are shown in Fig. 3, each point represent- 
ing a separate experiment. I t  is evident that  hydrolysis of the sulphate ester 
takes place with considerable rapidity during the first two hours and is greatly 
influenced by the temperature. 

Efect  of Acetone Concentration 
Considerable importance is attached to the amount of water present during 

the hydrolysis. Two similar samples were sin~ultaneously diluted to 70% 
acetone. One sample was titrated immediately while the second sample was 
titrated one hour later. The  amount of acetic acid in each sample was 11.5% 
and 30.5y0 respectivel~~ but the sulphate content was identical. I t  would appear 
that  hydrolysis of the  acetate ester in 70% acetone is similar to hydrolysis in 
water alone where cleavage of the acetate ester is the more rapid reaction (3). 
I t  should be noted that  damp samples weighing 2.2 to  2.8 gm. were used 
throughout and contained 1.2 to 1.6 gm. water. The  addition of a sample to  
100 ml. of acetone resulted in a solution containing about 1.5% of water. 

Efect  of Precipitating Agents Other than Water 
In some experiments the cellulose acetate sulphate was precipitated from 

acetone with petroleum ether instead of water. T h e  extent of sulphate cleavage 
was estimated by a gravimetric determination of the sulphate in the precipitate 
after filtration and washing. As shown in Table 111, the results of these experi- 
ments were no t  very consistent but  they did indicate that  a t  least 75% of the 
sulphate was split off. I t  is probable that  the actual extent of cleavage was 
greater than this since the precipitate obtained with petroleum ether was very 
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TIME - W R S  

FIG. 3. Rate curve for solvolysis of cellulose acetate sulphate (sulphate cleavage) in acetone. 
Curve A-Reaction a t  34OC. 
Curve B-Reaction a t  25OC. 

gelatinous and quite possibly retained some of the free sulphuric acid from the 
solution. At one time it was felt that the sulphate cleavage occurred during the 
precipitation with water. These experiments indicated however that  the 
sulpha.te cleavage is not dependent on the presence of water. 

TABLE 111 
CELLULOSE ACETATE PRECIPITATED FROM ACETONE BY PETROLEUM ETHER 

Sulphate Sulphate 
Expt. Time in content of Precipitate hydrolyzed ~ydro lys i s ,  
No. acetone sample (m.e. (m.e. H?S04/ (me. HzSO*/ % 

HzS04/100 gm.) 100 gm.) 100 gm.) 

1 21 hr. 42.6 11.0 31.6 74 
2 5 days 40.8 10.0 30.8 75 
3 1 day 20.0 8 . 4  11.6 58 
4 6 days 20.0 2.9 17.1 86 

Comparative Hydrolysis of the Salts of Cellulose Acetate Sz~lphate 
The salt form of the sulphate ester is more stable than the acid both in 

respect to thermal stability and hydrolysis in water (3). Some data on the 
hydrolysis in acetone of several salt forms are shown in Table IV; The replace- 
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TABLE IV 
HYDROLYSIS OF SALTS OF CELLULOSE ACETATE SULPHATE I N  ACETONE 

- 

Espt.  No. Cation Time in acetone Hydrolysis, 

1 NHI 2s hr. 20 
2 ( (  174 hr. 74 
3 9 days 88 
4 Na 5 hr. 16 
5 9 days 88 
6 Ca 7 days 96 

ment of H+ by a metallic ion increases the time for complete hydrolysis from 
about eight hours to more than eight days. More study is required to deter- 
mine whether the hydrolysis is affected by the type of cation present. 
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SYNTHESES AND ABSORPTION SPECTRA OF 

2-SUBSTITUTED-3-HYDROXY-5-PYRAZOLONES 
4-n-HEXYL-5-PYRAZOLONES-4-C14 

BY PAUL E. GAGNON, JEAN L. BOIVIN" RODERICK ~ ' ~ C D O N A L D ~ ,  
AND LEO YAFFE~ 

A B S T R A C T  

2-Monosubstituted-3-hydroxy-5-pyrazoloes were prepared ' f r o m  diethyl 
malonate itself and diethyl malonates monosubstituted wi th  methyl ,  e thy l ,  
propyl, bu ty l ,  a m y l ,  hexyl ,  heptyl ,  and benzyl groups b y  condensation o f  t h e  
esters wi th  o-, m-,  and p-chlorophenylhpdrazines, and n-hexylhydrazine. B y  
using diethyl n-hexyl malonate-2-C14 and o-, nz-, and $-chlorophenylhydrazines, 
and n-hexylhydrazine as starting materials t h e  corresponding pyrazolones 
labelled wi th  C" were obtained. The ir  specific activities were 7.0, 8.8, 9.0, and 8.8 
rc . /gn~.  respectively. Ultraviolet absorption spectra were determined in neutral 
and alkaline solution and t h e  infrared spectra were also obtained. From t h e  data 
i t  was possible t o  ascribe t h e  tautomeric structures best suited for the  compounds. 

I N T R O D U C T I O N  

The condensation of diethylmalonates (I) with hydrazine and hydi-azine 
derivatives in the presence of sodium ethylate produces pyrazolones (11) and 
ethanol according to the following equation: 

The first pyrazolone of this type was isolated by Michaelis and Burmeister 
(10) as a product of the reaction between ethylchloromalonate and phenyl- 
hydrazine. I t  was erroneously concluded that it was a hydrazinedihydro- 
indoxyl because of its acidic character and its facility to form salts. 

Other authors (11, 12) assigned the correct formula to  the pyrazolone (111), 
and i t  was again prepared from diethylrnalonate and phenylhydrazine by  
Conrad and Zart (3). 

lAcanuscript received April  2, 1954. 
Contribution from the Department of Chemistry, Laval University, Quebec, Qzie., and the 

Department of Chemistry, McGill University, Montreal, Qzie. This  paper constitutes part of a thesis 
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the degree of Doctor of Science. 
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3Graduate Stzrdent, holder of a National Research Cozincil of Canada Stardentship i n  1951-52; 

of a Canadian Industries Limited Research Scholarshifi i n  1952-55; and of a Shawinipan Chenzicals 
~ e s e a r c h  ~ c h o l a r s h i p ' i n  1953-54. 

'Special Lecturer i n  Radiochemistry, McGill U~ziversity, fiIontrea1, Qzie. 
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In 1950, Gagnon, Boivin, and Boivin (4) prepared several 3-hydroxy- and 
3-oxopyrazolones by reacting pllenylhydrazine with mono-, and disubstituted 
malonates. I t  was shown by these authors that the monosubstituted pyrazolones 
existed as monobasic acids. 

In the present investigations other new 4-monosubstituted-3-hydroxy-5- 
pyrazolones were prepared from diethyl malonate itself and diethyl malonates 
monosubstituted with methyl, ethyl, propyl, butyl, amyl, hexyl, heptyl, and 
benzyl groups by condensation of these esters with o-, m-, and p-chlorophenyl- 
hyclrazines and 72-hexylhydrazine. When diethyl n-hexyl malonate-2-C14 was 
used as starting material, the corresponding pyrazolones labellecl with C14 
were obtained and their specific activities determined. 

The structure of the pyrazolones were studied with the aid of ultraviolet 
and infrared absorption spectra; it is well ltnown that such pyrazolones may 
exist in many tautonleric forins. Pyrazolones bearing N-chlorophenyl and N- 
hexyl substituents were prepared to study the effect of N-aromatic and N- 
aliphatic substituents on the pyrazolone ring. 

The starting esters were obtained by condensing alkyl halides with diethyl 
malonate in the presence of sodium ethylate. o-, m-, and p-Chlorophenyl- 
hydrazines were prepared by diazotization of their respective anilines followed 
by reduction with sodium sulphite. n-Hexylhydrazine was produced from 
n-hexylbromide and hydrazine hydrate in ethatiol. 

In the presence of sodi~im ethylate, diethylmalonates substituted with 
methyl, ethyl, and propyl radicals did not yield the corresponcling pyrazolones 
when treated with the hydrazines. Fusion of the esters with the hydrazines a t  
165"C., and heating for a period of three hours was necessary. 

The individual properties and analyses of all the pyrazolones prepared are 
given in Tables I ,  11, 111, and IV. 

Ultraviolet Absorption Spectra 
The ultraviolet absorption spectra of all pyrazolones were determined in 

neutral and allcaline solutions. The results obtained are given in Tables I ,  11, 
111, and IV and shown graphically in Figs. 1, 2, 3, and 4. 

The spectra of the o-, m-, and p-chlorophenylhydrazi~les are quite similar in 
their characteristics. In neutral solution these pyrazolones exhibit two maxima, 
one of high intensity a t  short wave length and one of low intensity a t  longer 
wave length. The spectra given by the n-hexyl pyrazolones do not exhibit 
definite maxima in many cases. In neutral solution a broad absorption band of 
lo\v intensity is seen a t  short wave length. The ethyl, propyl, and butyl 
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TABLE I1 
~-~-CHL~R~PHENYL-~-HYDROXY-~-MONOSUBSTITUTED--P~RAZ~LONES, RCgHi02N2CI 

Analysis 

Calculated 

Ultraviolet absorption 
spectra C) 

E 
Found 1 Neutral 

C 
Q 

Alkaline p 
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TABLE 111 
~-~-CHL~R~PHENPL-~-HYDROXY-~-I~I~N~SUBSTITUTED--PYRAZ~L~NES, R C ~ H T O ~ N ~ C I  

I I I I I 

R 

-- 
H 

CH3 

CzHs 

C3H7 

C4Hg 

CaHil 

CBHIS 

C ~ H I S  

CaHsCH2 

M.p., "C. 

207-209 

220-222 

202-203 

193-195 

193-195 

174-175 

147-148 

160-162 

181-182 

Analysis 
Ultraviolet absorption 

maxlma 2 
R Yield, 

% 

-- 

32 

30 

28 

28 

63 

60 

69 

38 

3 1 

Calculated Formula 

--- 
CgH~o?!'d 2CI 

CIOHIOO?NZCI 

C;1Hi202NzCl 

C12HlrOzNzCl 

CI~HI ,O~N?CI  

CI.IHI~O?N~CI 

CISH~OOZN~CI  

C I B H ~ ~ O ? N Z C I  

C~~H,.OZN?CI 

Found 

C 
- 
51.17 

53.21 

55.22 

56.80 

58.32 

59.68 

60.91 

62.02 

63.68 

Neutral 

A I Em 

-- 

2760 3.94 
2460 4.13 

2: 
Alkaline o 2 

2840 
2440 
2880 
2460 
2840 
2460 
2860 
2460 
2840 
2460 
2780 
2440 

N 
-. 

13.41 

11.94 

11.34 

11.18 

10.08 

9.60 

9.61 

9.03 

8.93 

H 
-- 
3.79 

4.43 

5.01 

5.52 

5.97 

6.38 

6.81 

7.15 

4.64 

C 

51.51 

53.22 

54.24 

56.66 

58.31 

59.68 

61.05 

61.51 

63.89 

A 

2640 
3000 
2560 
3000 
2580i 
2920 
2520 
3000 
2560 
3000 
2540 
2860 
0 

3.79 
4.19 
3.75 
4.14 
3.24 
4.12 
3.81 
4.25 
3.79 
4.14 
3.86 
4.13 

2920 
2420 
2760 
2480 

N 

13.20 

12.41 

11.69 

11.04 

10.37 

9.97 

9.49 

9.06 

9.28 

H 
-- 
3.61 

4.50 

5.40 

5.42 

5.49 

6.38 

6.95 

7.28 

4.13 

t? 
Em ci 

b 
(- 

4.14 m 
3.71 2 
4.10 Y 
3.75 $j 
4.20 
3.82 
4.19 
3.68 
4 13 a 
3.71 
4.17 0 
3.95 % 
,I 1 0  Y 

3.17 
4.23 
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TABLE IV 
2 - H E X Y L - 3 - H Y D R O X Y - 4 - M O N O S U B S T I T U T E D - 5 - P  Rc~HlsOzNz 

R 

H 

CH3 

CzHs 

C3H7 

C4Hs 

CsHll 

CsHn 

C7H16 

C&IbCHz 

bI.p., "C. 

250-251 

83-84 

94-95 

93-95 

91-92 

81-83 

155-156 

Yield, 
5% 

80 

38 

69 

95 

60 

38 

79 

Analysis 

Formula 

CsHlsOzNz 

C I ~ H I ~ O Z N Z  

C ~ I H ~ O O S N Z  

CIZHYZO~NS 

Ci3HzaOzNz 

CirHzaOzNz 

C16HzsOzNz 

ClaH1o0aN 2 

ClaHzz02N~ 

Ultraviolet absorption 
~naxlma 2 

Calculated Found Neutral 

N 

15.22 

14.14 

13.20 

12.53 

11.66 

10.98 

10.41 

9.93 

10.21 

-- 
C 

58.01 

59.73 

62.64 

63.38 

65.47 

65.11 

66.80 

68.09 

70.00 

C 

58.70 

60.60 

62.26 

63.71 

65.54 

66.14 

67.16 

68.09 

70.03 

A 

2660 

2440 

2800i 
2520i 
2560 

2780 
2520 
2540 

2580 

2560 

. 
2520 

Alkaline 
5 

A I Em 
s 

H 

8.68 

9.09 

9.43 

9.73 

10.00 

10.23 

10.44 

10.64 

8.08 

E m  

3.81 

3.24 

3.34 
3.32 
3.53 

3.34 
3.29 
3.57 

3.46 

3.46 

3.50 

2750 

2800i 
2540i 
2800 
2520 
2800 
2560 
2780 
2560 
2780i 
2560 
2880i 
2580 
2760; 
2540 
2840i 
2500 

H 

8 .48  

8.62 

9.77 

9.65 

9.95 

10.25 

10.17 

10.64 

8.03 

4.06 2 0 

3.10 
3.21 
3.44 $ 
3.29 n 
3.50 2 
3.64 2 
3.48 
3.47 a 
3.49 ": 
3.61 
3.43 
3.47 . 
3.48 B 
3.51 
3.36 
3.79 

- 

N - 
15.20 

14.71 

12.84 

12.41 

11.69 

10.68 

10.31 

9.81 

10.12 
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2400 2600 2800 3000 

WAVELENGTH 

2400 2600 2800 3000 

WAVELENGTH ( 8 )  

FIG. 1. (Left) Ultraviolet absorption spectrum of: 2-0-chlorophenyl-3-hydroxy-4-n-propyl-5- 
pyrazolone; - in neutral solution - - - - - - in alkaline solution; 2-0-chlorophenyl- 
3-hydroxy-4-n-butyl-5-pyrazolone; in neutral solution . . . . . in alkaline solution. 

FIG. 2. (Right) Ultraviolet absorption spectrum of: 2-m-chlorophenyl-3-hydroxy-4-?t-hexyl-5- 
pyrazolone; in neutral solution - - - - - - in alkaline solution; 2-m-chlorophenyl- 
3-hydroxy-4-n-heptyl-5-pyrazolone; in neutral solution. . - - - . in alkaline solution. 

WAVELENGTH iE) W A V E L E N G T H  ( 8 )  

FIG. 3. (Left) Ultraviolet absorption spectrum of: 2-p-chlorophenyl-3-hydroxy-4-n-anlyl-5- 
pyrazolone; in neutral solution - - - - - - in alkaline solr~tion; 
2-p-chlorophenyl-3-hydroxy-4-)r-hexyl-5-pyrazolone; in neutral solution . . . . . - in 
alkaline solution. 

FIG. 4. (Right) Ultraviolet absorption spectrum of: 2-n-hexyl-3-hydroxy-4-n-propyl-5-pyrazo- 
lone; in neutral solution - - - - - - in alkaline solution; 
2-~t-hexyl-3-hydroxy-4-n-hexyl-5-pyrazolone; in neutral solution - . . . . . in alkaline 
solution. 

monosubstituted hexyl pyrazolones show a second maximum of equal intensity 
a t  long wave length. In alkaline solution a number of the n-hexyl pyrazolones 
exhibit two maxima, one a t  short and one at long wave lengths but of equal 
intensity. 
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Several structures may be postulated for 4-monosubstituted-3-hydroxy-5- 
pyrazolones. The following are theoretically possible (15-VIII) owing to tau- 
tomeric displacement. 

C N-R' C N-R' c N-R' 

VII VIII  

I t  is possible to disqualify a few of the above structures by examining the 
chemical and physical properties of the compounds actually obtained. An 
examination of the ultraviolet absorption spectra has been very useful as a 
means of postulating the structures of many pyrazolones. 

Biquard and Grammaticakis (2) showed that 1-phenyl-2,3,4-trimethyl-5- 
pyrazolone and 1-phenyl-3,4,4-trimethyl-5-pyrazolone which differ in the 
position in which the double bond is fixed in the ring gave different ultraviolet 
spectra. 

The spectra exhibited by many pyrazolones have been studied intensively b y  
Gagnon and co-workers (4, 5, 6, 8). These authors related the position of the 
double bond in the pyrazolone ring to the wave length and the intensity of the 
absorption. I t  was found that a high intensity inaxiinum a t  short wave length 
corresponded to a double bond between the two carbon atoms 3 and 4, while a 
low intensity maximum a t  long wave length was indicative of a single bond 
between these two carbon atoms. A conlpound giving two maxima was shown 
to exist in two tautomeric forms (9). 

In  1950, Gagnon, Boivin, and Boivin (4) studied the properties of several 
4-monosubstituted-3-hydroxy-5-pyrazolones. They found that the pyrazolones 
exhibited two maxima in neutral and alkaline solutions and that they wege 
best represented by structures V and VI. A pK, value of 4 to 5 revealed that 
the compounds were monobasic acids thereby eliminating the diketo and 
dienol forms VII and VIII theoretically possible. 

The results of the present work compares favorably with that  of Gagnon, 
Boivin, and Boivin (4). Two maxima, indicative of two structures are found in 
neutral and alkaline solutions in the case of the chlorophenyl pyrazolones. An 
absorption band of high intensity a t  short wave length, indicative of an e t l~y -  
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lenic double bond may be represented by structures V and VI, while another 
maximum a t  lour intensity a t  long wave length satisfy the req~iire~nents of 
structure IV. 

The  n-hexyl-3-hydroxy-5-pyrazolones do not exhibit absorption spectra 
identical to those 2-chlorophen~~l-3-hydrox~~-5-pyrazoloiies. An attempt to  
explain their structure will be dealt with in the section on infrared absorptioil 
spectra. 

Infrared Absorption Spectra 
The  infrared absorption spectra of the pyrazolones were deter~nined with a 

Perkin-Elmer spectrophotometer. The results obtained are given in Tables V, 
VI, VII,  ancl VIII  and some of the data  are plotted in Figs. 5, 6, 7, and 8. 

TABLE V 
INFRARED MAXIMA OF O-CHLOROPHENYL-~-HYDROXY-~-MONOSUDSTITUTED-~-PYR~ZOLONES 

--- -- 
I 

R I Absorption bands, cm.-l 
- 1- 1- 1- 1- j--]--I__ 1-1- 

TABLE VI 
INFRARED M.4XIM.4 OF I~-CHLOROPHENPL-~-HYDROXY-~-MONOSUBSTITUTED-~-PYRAZOLONES 

I 

Absorption bands, cm.-' - 1- I- I - I -  I - I l  --,_. _ 

TABLE VII 
INFRARED MAXIMA OF ~-CALOROPHENYL-~-HYDROXY-~-MOXOSUBSTITUTED-~-PPRAZOLONES 
-- 

Absorption bands, cm.-l 
--- I 8--8- I- 1- , , _ -  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADI.4N JOURNAL OF CHEBIISTRY. V O L .  32 

TABLE VI I I  
INFRARED MAXIMA OF ~Z-HEXYL-~-HYDROXY-~-MONOSUBSTITUTED-~-PYRAZOLONES - -- 

I 

Absorption bands, cm.-' 
1'- I-]-- , ---, - - 

FIG. 5. Infrared absorption spectrum of 2-o-chlorophe1~yl-3-hydroxy-4-n-butyl-5-pprazolone. 
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3 4 6. 6 WAVELENGTH IN MICRONS 
L 

FIG. 6. Infraredabsorption spectrumof 2-nz-chlorophenyl-3-hydroxy-i-~z-amyl-5-pyrazolone. 

5 0 0 0  3000  2 5 0 0  2 0 0 0  1 5 0 0  FRECUENCY IN C d  

3 4 5 6 WAVELENGTH I N  MICRONS 

FIG. 7. Infrared absorption spectrum of 2-p-chlorophenyl-3-hydroxy-4-n-hexyl-5-pyrazolone. 
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3 4 5 6 W A V E L E N G T H  IN  MICRONS 

FIG. 8. Infrared absorption spectrum of 2-n-hexyl-3-hydroxy-4-~z-hexryl-5-pyrazolone. 

Because of the tautomeric structures theoretically possible for 3-hydroxy- 
pyrazolones, the pyrazolones may be expected to give rise to very conlplicated 
infrared spectra. The problem of interpretation is also difficult since very few 
reference spectra for pyrazolones are available. Randal and his co-workers (13) 
reported the absorption spectrum of 3-methyl-5-pyrazolone but only gave an  
assignment for a cyclic C = N band. The infrared spectra of several 4-mono- 
substituted-3-phenyl-5-pyrazolones and 4-monosubstituted- l,3-diphenyl-5- 
pyrazolones were given by Gagnon, Boivin, and Paquin (7). They assigned an  
absorption peak which appeared a t  3300 cm.-I in the spectra of the 3-phenyl-5- 
pyrazolones to an OH group. This seemed plausible since no band for a car- 
bony1 group was present, and pyrazolones may exist in the enolic form. Two 
or more peaks in the double bond region were interpreted as a sign of conjuga- 
tion. The spectra of 1,3-diphenyl-5-pyrazolones were less complicated. Bond 
assignments were made tentatively for the C = O  group a t  1700 cm.-l, and 
the C =  N group a t  1600 cm-'. 

In the present investigation, bond assignments have been made for several 
functional groups. The o-, m-, and p-2-chlorophenyl pyrazolones exhibit very 
complicated spectra, but the positions of the peaks are quite similar for the 
three homologous series. A band of medium to high intensity occurs in the 
spectra of the conlpounds a t  3300 cm-'. I t  is easy to assign this band to the 
absorption of a definite NH or OH group. I t  has already been mentioned that 
the pyrazolones prepared in this work are monobasic acids. With this chen~ical 
evidence in mind it is reasonable to attribute this band to  an  OH group. 
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GAGNON ET  AL.: SYNTf lESES AND ABSORPTION 835 

An absorption band of high intensity occurs in the range 1675-1770 cm-l. 
This is the region in which the C = O  group absorbs. Randal and his co-workers 
have attributed the absorption in this range to  the carbonyl group of lactams, 
therefore it is reasonable to do the same for pyrazolones. 

A second band of very high intensity always occurs in the double bond region 
and absorbs in the range 1670-1700 cm-I. This band is much too strong to be 
attributed to C = C  absorption or vibrational ring influences, both of which 
could occur a t  this place. Randal studied the absorption spectra of many 
nitrogen compounds such as thiazolidines, imidazolines, pyridines, oxazolones, 
and 3-methyl-5-pyrazolone and found that the C = N  group in these cyclic 
structures occurred in the region 1590-1680 cm-l. Therefore we may ascribe 
this peak to  that  of a cyclic C = N. 

A very constant absorption peak of low to medium intensity occurs a t  
1490 cm-l. This band appears in both the 2-chlorophenyl and the 2-n-hexyl 
pyrazolones and therefore cannot be ascribed to the absorption of the phenyl 
ring. The absorption of the C = C group is in almost every case found in this 
region but usually a t  lower wave length. In  the absorption spectrum of a- 
pl~enylazoacetoacetic acid ethyl ester, Randal assigns a peak a t  1510 cm.-' to 
the influence of an enolic carbon double bond. Since this structure is possible 
in the con~pounds prepared we may assign the peak to a - C = C -OH enolic 
structure. Other peaks present a t  1600 cm.-l, 1640 cm.-l, and 1530 cm.-I may 
be caused by the phenyl ring vibrations. 

From a consideration of the infrared spectra and assignments made we must 
consider the following formulae to  represent the 2-chlorophenyl pyrazolones. 
An enolic -C=C-OH bond and an OH absorption peak indicate the partial 
structure of a phenol - C = C -OH. Structures V and VI satisfy this postula- 
tion since they both have an enolic structure. 

The infrared spectra also shows the presence of a C = N  group. The only 
possibility for a bond of this nature is formula IV. 

The spectra of the n-hexyl pyrazolones are not as  complicated as those of the 
2-chlorophenyl pyrazolones. A peak in the region of 3100-3300 cm.-I may be 
ascribed to  the vibration of the OH group. An absorption band a t  1735-1750 
indicates the presence of a C = O  group while an intense band a t  1660-1685 
cm.-I is ascribed to  a cyclic C = N .  A very constant absorption band which 
appears in all the pyrazolones a t  1490 cm.-l indicates the presence of an enolic 
- C = C-OH grouping. 

The n-hexyl pyrazolones can then be given the same structures as the 
2-chlorophenyl pyrazolones. 

EXPERIMENTAL PART* 

2-0- Chlorophenyl-S-hydro.vy-~-monosubstituted-5-py~azolones 

Diethyl malonates (0.05 mole) and o-chlorophenylhydrazine (0.05 mole) 
were condensed in two different ways. The malonates containing the substitu- 
ents, butyl, amyl, hexyl, heptyl, and benzyl were condensed with o-chloro- 
phenylhydrazine in the presence of sodium ethylate in absolute ethyl alcohol. 

*All melting points  are tr~zcorrected. 
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The reaction time varied from 18 to 20 hr. The excess alcohol was then removed 
and the remaining residues dissolved in water. The aqueous solutions were 
well extracted with ethyl ether and acidified with dilute acetic acid (330j0), 
whereupon the pyrazolones were obtained usually as crystalline solids. The 
compounds were purified by crystallization from either xylene or petroleum 
ether. 

The malonates bearing the substituents methyl, ethyl, and propyl and 
unsubstitutecl ethyl malonate did not yield pyrazolones when condensed with 
o-chlorophenylhydrazines in the above manner. Heating of the esters with 
o-cl~lorophenylhydrazine a t  165'C. yielded the pyrazolones in small amounts. 
Heating was continued until no more ethanol was evolved from the reaction 
mixture. This usually required three hours. The  mixture was then cooled and 
dissolved in sodium hydroxide solution (50j0). Insoluble material was filtered 
off and the alkaline solution was extracted several times with ethyl ether. 
Upon acidification with acetic acid (330jo), the pyrazolones were obtained. 
The  pyrazolones are listed together with their melting points, analyses, and 
ultraviolet absorption maxima in Table I and the infrarecl data are given in 
Table V. Typical ultraviolet absorption curves are plotted in Fig. 1 while some 
infrared clata are plotted in Fig. 5. 

2-m-Chlorophenyl, 2-p-Chlorophenyl, and 2-n-Hexyl-5-hydroxy-4-monoszcbsti- 
tuted-5-pyrazolones 

Diethyl malonates and m-chloro, p-chloro, and n-hexylhydrazines were 
condensed in a manner similar to that used to obtain the 2-o-chlorophenyl 
pyrazolones. The melting points, analyses, and ultraviolet absorption maxima 
are given in Tables 11, 111, and IV. The infrared absorption bands are given in 
Tables VI, VII, and VIII. 

Preparation of Diethyl-n-hexyl Malonate-2-C14 
To  a solution of sodium metal (5.6 gm., 0.242 mole) in ethanol (400 n~l . )  

was added diethyl malonate (20 gm., 0.125 mole) and 9.3 mgin. of diethyl 
malonate-2-C1kontaining 0.1 mc. of activity. Hexyl bromide (21 gm., 0.125 
mole) was added and the mixture was refluxed until acidic to wet litmus paper. 
The excess ethanol was then removed under reduced pressure and the inorganic 
salts dissolved in water. The  oil which separated was extracted with ether and 
the extract was washed with water and dried over sodium sulphate. The ether 
was removed by distillation and the substituted ester distilled under reduced 
pressure: b.p. 154-156°C. a t  10 mm. There was obtained 23 gin. of product, 
yielcl, 63.30j0. A small sample of the product (18.4 mgm.) was taken and con- 
verted t6 carbon dioxide, absorbed in barium hydroxide, and counted as 
barium carbonate. The specific activity was calculated to be 12.4 pc. per gram 
of material. 

-Preparation of 2-Substituted-3-hydroxy-~-n-lze~yl-5-pyruzolones--C~~ 
' Diethyl n-hexyl malonate-2-C14 (4.0 gm., 0.017 mole) was reacted with 
0-, m-, and p-chlorophenylhydrazine (2.4 gm., 0.017 mole) and n-hexyl- 
hydrazine (2.0 gnl., 0.017 mole) in the presence of sodiunl metal (2.4.gm., 
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GACNON ET AL.: SYNTHESES AND ABSORPTION 837: 

0.11 mole) in absolute ethanol (200 ml.). After a reaction tirne of 18 hr. the 
excess alcohol was evaporated and the remaining residue dissolved in water. 
The aqueous solution was purified bj. extracting several tiines with ethyl ether. 
Acidification with dilute acetic acid (33y0) gave the labelled pyrazolones. The 
chemical yields varied froin 60 to 70y0, after purification from petroleum ether. 
Their specific activities were determined by conversion of the con~pounds to 
carbon dioxide and counting as barium carbonate. 

Combz~st ion of C I V r o d u c t s ,  P la t ing ,  and Counting 
All the compounds were completely transformed to carbon dioxide by dry 

combustion. Samples weighing from 20 to 30 mgm. were burned in the presence 
of oxygen in a closed system. The carbon dioxide evolved was absorbed in two 
traps containing carbonate free barium hydroxide solution. When combustion 
was complete the absorbers were removed from the apparatus and the barium 
carbonate separated by centrifuging. A sample of the active barium carbonate 
and water was transferred to an aluminum counting plate and dried under an 
infrared lamp. Continuous agitation was necessary to ensure even distribution 
throughout the mount. Sufficient barium carbonate was added to each plate 
to ensure "infinite thickness". When dry the samples were counted using an 
end window Geiger-Mueller counter. The counting rates \Irere corrected as  
suggested bj. Andrews and Mannet (1). The results obtained are given in 
Table IX. 

TABLE IX 
COUNTING DATA OF ~-SUBSTITUTED-~-HYDROXY-~-~-HEXYL-~-PYR.~Z~L~NES-~-~~~ 

Weight, Total Time, Count rate Specific activity, 
2-Substituent mgm. count mln. per min. pc./gm. 

Ultraviolet Absorpt ion Spectra 
The ultraviolet absorption spectra of the pyrazolones Itrere taken on a Beck- 

man Spectrophotometer Model DU. The method has been previously described 
(6). The solvents used were ethanol (%yo) and a solution of sodium hydroxide 
(0.01 N) in ethanol. The results are listed in Tables I ,  11, 111, and IV and some 
of the data are plotted in Figs. 1, 2, 3, and 4. 

Infrared Absorption Spectra 

A11 the infrared absorption spectra of the pyrazolones were obtained with a 
Perkin-Elmer Model 21 double-beam null principle recording spectrophoto- 
meter. The  method has been described in the literature (7). 

The spectra covering the range from 5000 to 1100 cm.-l only are given in 
Figs. 5, 6, 7, and 8. The curves all show the four specific bands of Nujol. The 
other absorption bands are listed in Tables V, VI,  VII,  and VIII,  and have 
been discussed in the theoretical part. 
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MOLTEN SALTS 
VISCOSITY OF SILVER NITRATE1 

ABSTRACT 

Precise values for the viscosity of silver nitrate show that Frenkel's relation for 
comparison of the temperature dependence of viscosity and conductivity is valid 
for this system and that the energy of actixration for viscous flow is proportional 
to that for electrical transport over a range of temperat~lre. 

Values of the viscosity of silver nitrate melts reported earlier by Goodwin 
and Mailey (4) are not of sufficient precision to be useful in making ininute 
examination of the temperature dependence. Previous work (6) showed tha t  
the energy of activation for electrical transport decreases with rise in tempera- 
ture. In order to compare the two processes of transport, the viscosity of 
silver nitrate has been determined with an apparatus capable of giving relative 
values precise to within 0.15%. 

EXPERIMENTAL 

The viscosimeter used was of a modified Ostwald type with bulb and 
capillary tube of silica. The working volume of the cell was 3.4 cc., the capillary 
tube 100 mm. long and of 0.2 mm. bore. In order to reduce the lack of precision 
associated with use of the liquid head as the sole driving force, suction from a 
controlled source provided 95% or more of the total driving force. The pressure 
difference created by the suction was read on a precise manometer. A plunger 
and probe electrode served for setting the head of liquid outside the bulb t o  
the same level before each determination; the change of liquid head during a 
measurement was kept small by having a large volume of liquid surrounding 
the bulb. The working volume of the bulb was defined by two probeelectrodes; 
contact of the rising melt with the lower probe started a timing device which 
was shut off by contact of the melt with the upper probe. 

The cell was calibrated a t  25" with normal aqueous sodium chloride, for 
which Jones and Christian (5) have obtained the viscosity, 7 ,  and the density, d .  
Several determinations of the time of filling were made a t  each of three 
pressures. These data were substituted in the expression pt = 7 / a  - bd/at in 
order to determine the values of a and b,  the constants characteristic of the 
cell behavior. Small temperature corrections were applied to adjust a and 6 
for use a t  275"; corrections over a range of ~ 5 0 "  from this temperature were 
calculated to be negligibly small. 

All materials used were of reagent quality. The liquids were filtered through 
porous Pyrex discs; for the melts a cylindrical furnace surrounded the filter. 
The temperature of the viscosimeter was maintained constant in a furnace 
built about a 65-lb. copper cylinder and measured within 0.1" with a cali- 
brated thermocouple. 

IManuscript  received M a y  31, 1954. 
Contribution f r o m  the Electroclre~lzical Laboratory, University of Toronto, Toronto 5, Ontario. 
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"C. 'I 1% 'I log X C 

C = log 7 + 1.376 log K 

I n  Table I is given the viscosity of silver nitrate relative to that of water 
a t  25'. The values are lower than those of Goodwin and Mailey by a few per 
cent, but are estimated to be reliable to about 0.7 per cent. The probable 
relative error, of consequence for the comparison to be made, is estimated to  
be not greater than 0.15 per cent. Conductivity data were taken from Refer- 
ence 6. 

DISCUSSION 

Andrade (I) ,  Frenkel (2), and Glasstone, Laidler, and Eyring (3) have 
derived expressions for the expected dependence of viscosity on temperature. 
Unfortunately the expressions are not identical. Moreover, the last mentioned 
authors defined energy of activation through an expression involving finite 
quantities, but calculated it as a differential coefficient. The inconsistency of 
this treatment will be dealt with elsewhere. Frenkel (Reference 2, p. 441) has 
suggested a method of comparing viscosity and specific conductivity data. 
He assumed the equations K = A.exp(-E1/RT) and q = B.exp(E,/RT) to 
hold, with A ,  B,  El, and E2 constant. This would require that log K and log q 

be strictly linear in T-l, which they are not. However, i f  El and Ea are ad- 
mitted to be temperature dependent the nonlinearity can be recognized and 
the development continued : E l  = R T  In A - R T  In K ,  E2 = R T  In q - RTln  B. 
If E2 is proportional to El over the range of temperature (E2 = mEl), 
it follows that log q + rn log ti = constant (Frenkel's relation). Even if the 
activation energy is defined as the differential coefficient -R d(ln f ) / d F 1 ,  in 
which f stands for either the conductivity or fluidity, proportionality of the 
activation energies leads to the equation d 111 q + rn d In K = 0,  which leads 
to Frenkel's relation also. From the data of Table I ,  rn was determined by the 
method of L.M.S. to be 1.376. The last column of the table shows the value 
of log q + 1.376 log K ,  which has the mean value 0.4738 with standard deviation 
only 0.0008, i.e. within the precision of the data. The energy of activation for 
viscous flow is therefore taken to be proportional to that for electrical transport 
over the range of temperature. 
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SOME THERMODYNAMIC PROPERTIES OF HYDROCARBONS 
ADSORBED ON RUTILE1 

ABSTRACT 
Differential thern~odynan~ic properties of methane, ethane, propane, an? 

tt-butane adsorbed on rutile have bee11 determined from isotherms over apprecl- 
able temperature ranges. Ordinary experimental techniques failed to yield re- 
liable data in low temperature and surface coverage regions, but essentially 
simple modifications of these resulted in accurate thermodynamic values. 
For methane, the results compared well with similar ones computed by  Pace, 
Heric, and Dennis from data obtained by  means of calorimetry. Maximum 
error in isosteric heats of adsorption was 60 cal. mole-I; in differential molar 
entropies 0.8 cal. mole-' degree-'. The thermodynamic properties of methane 
and ethane are similar but there is a departure in the set pattern for propane. 
A large change was observed in the heat of adsorption of propane, near 185" I<. 
and surface coverag-es lower than 0.6 of the monolayer. A phase transition is 
suggested to account for this occurrence. 

INTRODUCTION 

Thermodynamic and statistical analyses of adsorption data have bee11 
found useful for the description of the states of physically adsorbed films. 
The methods have been developed principally by Hill (10, 11) and Everett (6) 
and full details are given in their papers. So far, however, few detailed appli- 
cations of the methods have been made. Everett (7) and Everett and Young (8) 
have applied a scheme of analysis to a limited number of systems adsorbed on 
charcoals. Hill, Emmett, and Joyner (12) have evaluated the ther~nodynamic 
functions for nitrogen adsorbed on Graphon from isotherms in a limited 
temperature range. Morrison, Los, and Drain (14) and Drain and Morrison (3, 
4, 5) have determined thermodynamic properties of argon, nitrogen, and 
oxygen on rutile from isotherm, heat capacity, and heat of adsorption measure- 
ments obtained by calorimetry. More recently Pace, Heric, and Dennis (15) 
and Pace, Sasmor, and Heric (IG) have carried out a calorimetric study of t h e  
properties of methane on rutile, so aug~nenting the trend toward this form of 
experimental approach. 

Data sufficiently accurate to  warrant the labor of thermodynanlic analysis 
are best obtained by calorimetry. This is an expensive experimental tool, 
however, and it was thought to be of interest to refine the techniques of 
obtaining adsorption isotherms sufficiently to  obtain accurate thermodynamic 
data. In this paper the steps taken to obtain useful data are recounted and 
some thermodynamic properties of methane, ethane, propane, and n-butane 
adsorbed on rutile are presented and discussed. The hydrocarbons were 
chosen for study because it seemed probable that  a useful comparison of the 
properties in the homologous series could be made. In doing so, one was aware 

'Manziscript received M a y  12, 1954. 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ontario. 

Based on a thesis szibmitted to the School of Graduate Studies, University of Toronto, i n  partial 
fzrlfilment of the requirements for the Ph.D. degree. 

2Present address: Division of Pure Chemistry, National Research Laboratories, Ottawa, Canada. 
3Associate Professor of Chemistry, University of Toronto. 
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SCHREIRER AND McINTOSH: HYDROCd RBONS ADSORBED ON RUTILE 843 

of difficulties which would be encountered in eventual application of statistical 
concepts to such complex molecules. 

EXPERIMENTAL 

Materials a n d  Apparatzrs 

The rutile was obtained from Dr. J. A. Ailorrison of the National Research 
Council, Ottawa, and has been described earlier (14). Throughout these 
experiments, one sample of 2.581 gm. was used. All the hydrocarbon vapors 
were obtained from the Ohio Chemical Company (Cleveland). The vapors 
were purified by repeated distillations from dry ice to liquid air, and only 
midclle cuts were used in the determinations. In orcler to eliminate u~lsaturated 
impurities, methane and ethane were bubbled through illun~inatecl scrubbing 
towers containing bro~ni~ie water. Infrared spectra demonstrated that no 
unsaturated impurities were present in the ethane, propane, and n-butane. 
Helium, used in determinations of dead space, was purified by passage over 
activated charcoal a t  liquid air temperatures. 

The apparatus used in this work differed from those generally enlployed, 
in that neither stopcock lubricants nor mercury vapors were present in the 
adsorption system. Stopcock lubricants had to be eliminated because the 
solubility of hydrocarbon vapors in these would result in error. All stopcocks 
in the adsorption system were therefore replaced by greaseless metal vacuum 
valves. The presence of mercury vapor in the adsorption system was unde- 
sirable in principle. Pressure measurements and methods of introducing 
adsorbate which co~nplied with this principle were therefore devised. Equi- 
libriu~n vapor pressures were read by two methods. Pressures greater than 
2-3 cm. Hg were read to f 0 . 0 1  cm. Hg by means of a spoon gauge used as  a 
null instrument. Pressures lower than 2 em. Hg were read on a multirange 
McLeod gauge. The errors in such readings varied from A15 per cent a t  
10-5 cm. Hg to about 0.2 per cent a t  2 crn. Hg. 

The rutile sample was contained in a cell which was designed to provide 
easy access of adsorbate vapors and eliminate temperature gradients within 
the adsorbent bed. Details of the cell construction may be found in the Appen- 
dix (see also Fig. 6). The assembly was operated with ease in the thermal 
region 83.2"-300" K. This was done by immersing the assembly in a Dewar 
flask containing a suitable refrigerant and balancing the cooling action by 
the heat input. Manual control was effective in nlaintaining temperatures 
constant t o  ~ 0 . 0 5 "  over long periods of time. Four single junction copper- 
constantan thermocouples placed at various positions in the cell were used to 
determine the temperature. Temperature gradients over the length of the cell 
were generally less than O.lO, but exceeded this value slightly near the liquid 
air temperature. 

Procedure 
Methods of determining isotherms and compiling equilibrium pressure- 

volunle data in low surface coverage regions were different from conventional 
means. They were developed because in regions in which the vapor pressure 
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over the adsorbed fill11 was less than 0.1-0.2 cin. Hg, conventional n~ethocls of 
investigation consistently led to absurd thern~odynamic values. This was most- 
pronounced a t  low temperatures. A clescription of these techniques is given in: 
the Appendix. 

RESULTS AND DISCUSSION 

Adsorption Isotherms 
The adsorption of the hydrocarbons was stucliecl to the following extent: 

methane-five isotherms covering the range 83.2'-133.2' I<. 
ethane-six isotherms coveriilg the range 133.2"-203.2' I<. 
propane-nine isotherms covering the range 166.3'-273.2' I<. 
n-butane-seven isotherms covering the range 193.2-298.2' K. 

The  isotherms for butane aclsorbed below 273' K. led to  absurd thermodynamic. 
values, however, and so cannot be considered valid. This matter is further. 
discussed in the Appendix. 

Thermodynamic functions of adsorption are most readily interpreted in- 
the region near and below Vm, the monolayer capacity. Particular attention. 
was therefore given to  this region. Coverages beyond 1.5 I/, were oilly sketchily- 
studied for propane and n-butane, and not a t  all for the other two vapors. In 
all pressure readings, the mercury was assumed to be a t  298' I<.; values of 
the volume of vapor adsorbed were always corrected to N.T.P. conditions. 
Ideal gas laws were used for methane and ethane because even a t  the highest- 
pressures nonideality corrections were negligible. The propane and n-butane- 
data were corrected for nonideality using the van der Waals equation of state. 
Thermomolecular pressure effects, often important in such experiments, were- 
not significant here. 

All the isotherms appeared to be of the type I1 (1). They obeyed the B.E.T.. 
(Brunauer, Emmett, and Teller (2)) and Huttig (13) equations in the range. 
0.05 < PIPo < 0.250, ancl slightly beyond these limits in a few cases. The- 
B.E.T. and Huttig monolayer capacities were computed, as well as the surface. 
areas, using liquid state densities for the adsorbates. Some of these values are 
compiled in Table I. The  values computed from the methane data were based 
on isotherms near 100" K.; for the other hydrocarbons from isotherms near 
200' K. Values reported by Morrison, Los, and Drain (14) from the aclsorption: 
of argon and nitrogen a t  77.3' K. on rutile from the same stock as  that used. 
here are included for comparison. 

TABLE I 
MONOLAYER VOLUMES AND SURFACE AREAS FROM ADSORPTION OF 

HYDROCARBONS ON RUTlLE 

V,,, (CC. N.T.P./gnl.) Area (m."gm.) 
Adsorbate B.E.T. Huttig B.E.T. Huttig 

Methane 12.9 13.3 60.6 62.5 
Ethane 7.7 8.2 46.0 19.0 
Propane 6.8 7.4 49.5 54.0 
n-Butane 5.7 6.1 48.0 51.4 
Nitrogen (IL1.L.D.) - - 85.0 - 

Argon (M.L.D.) 24.9 - - - 
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The  difference between the nitrogen and hydrocarbon areas may be due to  
nonuniformity in the particle size of various portions of the rutile stock. A 
greater similarity in the argon and methane values of V,, nlight have been 
expected, however. The difference in these values is very difficult to interpret. 
I t  appears to be a function not only of the configuration of the adsorbed 
molecule, but  also of the substrate configuration and, within broad limits, 
the temperature. 

l'lzermodynarnic Analyses  

Hill (10) has pointed out that two sets of thermodynan~ic functions for the 
adsorbed phase may be computed, depending on the choice of independent 
variables used to  describe the state of this phase. If the surface concentration r 
(or the surface area A) is chosen as  one such variable, the differential or 
isosteric functions are involved. If the film spreading force 4 is chosen, integral 
thermodynamic functions are derived. The  integral functions are more 
meaningful (6), but the differential functions are more easily obtained and 
provide good indication of the precision of the data  from which they stem. 
In this paper, only the differential functions are presented. 

Isosteric heats, differential molar entropies and, in some cases, the dif- 
ferential free energies of adsorption were computed. The  isosteric heat of 
adsorption may be evaluated from 

where qSt  is the isosteric heat a t  surface concentration 6' = V/Vm, where V is 
the volume of vapor adsorbed, and $1, pe and TI, T2 are the equilibrium 
pressures and temperatures of the isotherms involved. 
Writing 

PI - q , t  = (I& - As) 

the differential molar entropy is obtained from 

[31 (H ,  - H s )  + R T  In p/pO = T(S, - s , )  

and the free energy of adsorption from 

[4] (F, - P,) = - R T  In p/pO 

where H,, S,, P, refer to  the differential molar quantities of the adsorbed 
species. 

The  calculations were performed by the method of Hill, Emmett, and 
Joyner (12). This yields, in effect, quantities for a mean isotherm !f' char- 
acterized by pressures p ,  where by arbitrary definition 

[51 1/T' = 1/2 ( l /T l  + 1/T2) 

and 

[61 log p = 1/2 (log p1 + log pel. 

Tl, T2, pl, and p2 refer to equilibrium temperatures and pressures of the two 
isotherms under consideration. 
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Pairs of isotherms, usually not differing by more than 20 degrees were 
employed in the calculations. On occasion, the isosteric heat obtained for an  
isotherm pair could be considered constant in the given temperature range, 
thus leading to values of (S, - s,) for actual isotherms. Except where other- 
wise indicated, the thermodynamic functions were obtained using pure vapor 
a t  1 cm. H g  pressure as  standard state. T h e  quantities are expressed as a 
function of 8. The  B.E.T. value of Ti,,, is thereby inherently involved. 

T h e  isosteric heat, the free energies, and the differential molar entropies of 
adsorbed methane are plotted as functions of 8 in Figs. IA ,  IB,  and 1C re- 

C 

22 - 

I t 
0.5 8 ---+ 

1.0 

Isosteric heat of adsorption of methane on rutile a t  110.2' I<. 
Differential molar free energy of adsorption of methane on rutile a t  

Differential molar entropy of adsorption of methane on rutile a t  

103.2" and 

103.2" and 
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SCHREIBER AND WcINTOSH: HYDROCARBONS ADSORBED ON RUTILE 847 

spectively. Heat and entropy relationships for adsorbed ethane are shown in 
Figs. 2A and 2B and the isosteric heat for butane is shown in Fig. 3. In all 
systems, the experimental errors were f 60 cal. molepL, f 3 0  cal. mole-', and 
f0.8 cal. mole-' degreep1 for the heats, free energies, and entropies re- 
spectively. 

FIG. 2A. Isosteric heat of adsorption of ethane on rutile a t  180.4" K. 
B. Di'fferential molar entropy of adsorption of ethane on rutile a t  173.2' K. 

The isosteric heats of adsorption for methane, ethane, propane below 
185" I<. (see Fig. 4B), and butane in the range 273"-298" I<. are all of similar 
shape. The  case of propane is discussed in greater detail below. Data  for 
butane below 273" I<. showed large, random variations and therefore were not 
considered acceptable. Isosteric heat relationships of a similar form have 
previously been reported (3, 15). The  rapid initial decrease was observed in 
all systems, and was more pronounced the larger the adsorbate molecule. 
This decrease in the heat of adsorption is generally considered to be a char- 
acteristic of a heterogeneous substrate. The topic has been discussed recently 
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FIG. 3. Isosteric heat of adsorption of n-butane on, rutile a t  273.2' I<. 

in some detail by Drain and Morrison (3), and in accord with their conclusions 
it is postulated that the rutile presents a heterogeneous surface to the ad- 
sorbing matter. The more gradual decrease beyond 0.5 0 is likely due, in part, 
to repulsive interactions caused by the close packing of the adsorbed films. 
In all cases, the heats of liquefaction of the adsorbates are approached a t  high 
surface concentrations. The isosteric heat of methane is unique in the region 
103.2"-133.2" K. Differences between the values a t  the two extreme tempera- 
tures did not exceed 50 cal. mole-' and so could have been due to experimental 
errors. A significant difference in the heats of adsorption of ethane a t  the 
average temperatures 134.7" and 180.4" I<. was detected however; the values 
a t  the lower temperature are about 300 cal. mole-I greater. A difference of 
about 100 cal. mole-' existed between the heats a t  = 134.7" and = 

156.9" K. Thus, for the larger adsorbate molecule, the sensitivity of the 
isosteric heat to temperature variation was somewhat increased. 

The free energies and differential molar entropies of adsorption of methane 
are shown in Fig. 1B and 1C a t  two teinperat-ures in order to indicate the 
magnitude of temperature variation inherent in these quantities. The free 
energy plots are characteristic for the adsorption process and the entropy 
curves are of much the same shape as those for ethane, exemplified in Fig. 2B. 
The entropy data for propane adsorption are dealt with later. The eiltropies 
of the adsorbed methane and ethane are negative with respect to the corre- 
sponding vapors over the entire surface coverage region investigated. They 
are positive with respect to those of the liquids, except in the region 0.30 < 0 
< 0.55 for methane and 0.50 < 6' < 0.80 for ethane, where they are also 
negative and pass through minima. The minimum in the differential entropy 
curve of adsorbed methane occurs near 0.50 6'; that for ethane occurs near 
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0.65 8, is somewhat deeper and is formed more abruptly. At higher surface 
coverages, as the free energy change diminishes toward zero, the entropies of 
liquefaction are approached. In the absence of the integral entropies, the 
interpretation of the differential quantities becomes difficult. Some similarity 
may be noted, however, between our clifferential entropy curves and those 
derived by Hill, Emmett, and Joyner (12) from concepts of the B.E.T. theory. 
On that basis, the minima were indicative of progressive close packing of the 
adsorbed films and consequent restrictions in the configurations of the mono- 
layer films. The subsequent rise in the entropy was then clue to the onset of 
multilayer formation. 

Alethane o?z Rutile 
I t  is of interest to compare the thermodynamic properties of this system as 

calculated here and by Pace and co-worlcers (15, 16) using calorimetrically 
obtained data. In order to effect comparison, our data have been computed 
using the vapor pressure of bulk liquid as standard state. A complication arises 
because of differences between the two samples of rutile involved. The ad- 
sorbent used by Pace was of somewhat greater subdivision than ours, giving 
a B.E.T. methane area of about 841n2. gm-l. Thus, exact agreement in the 
thermodynamic functions should not necessarily be expected. The com- 
parative differential thermodynamic functions in the range 0.20 < 8 < 1.10 
a t  110" I<. are shown in Table 11.' We are indebted to Dr. E. L. Pace, Western 
Reserve University, Cleveland, for kindly supplying the necessary data. 

TABLE I1 
COMPARISON OF DIFFERENTIAL THERMODYNA~IIC PROPERTIES OF METHANE 

ADSORBED ON RUTILE AT l loO K. 
-- 

q,,(-cal. mole-1) AF(-cal. mole-') AS( -cal. mole-' degree-') 
0 Pace et nl. This work Pace el al. This work Pace et al. This work 

0.268 3920 3680 1320 1350 23.6 19.2 
0.567 3470 3300 1087 1050 21.7 19.9 
0.694 3410 3150 992 900 22.0 19.3 
0.839 3110 2850 748 720 21.5 19.0 
0.876 2970 2820 675 660 20.8 19.1 
1.031 2520 2600 45 1 480 18.8 19.5 
Errors: 3 ~ 3 0  f 60 f 10 k 3 0  f 0 . 3  f 0 . 8  

The variation of the isosteric heat with surface concentration in the two 
cases is nearly identical. Our values, however, are displaced by about 300 cal. 
mole-' towards lower heats of adsorption in the region below 0.8 8. Thereafter 
the two sets of values merge and approach the heat of liquefaction. I t  may 
thus be concluded that the nature of heterogeneity in the two adsorbents is 
nearly identical, although it is somewhat less pronounced in our sample. The  
free energies of adsorption are in very satisfactory agreement. In all cases, 
except a t  0.694 8, the values are within the experimental error of each other. 
The agreement would lilcely be further improved i f  the comparison were made 
a t  truly "equal" surface coverages. There exists some uncertainty in calcu- 
lating values of VVn so that the comparison may, in fact, be based on slightly 
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discrepant values of 8. The differential molar entropies are in some disagree- 
ment. This is a result of the numerical differences in the isosteric heats. The 
discrepant entropies attest with greater sensitivity to differences existing in 
the two adsorbed films. These differences presunlably are a result of the 
distinct nature of the two adsorbents. 

. The calorimetric data are somewhat more accurate than the present set 
(see Table 11). The better definition of the heats of adsorption, for example, 
detects variations with temperature over 10" ranges. This could not be done 
with our data. The more sharply defined entropy values are another significant 
outcome of applying calorimetric techniques. On the other hand, the two sets 
of results are certainly comparable in usefulness. The present data  inay then 
be judged to constitute a marked improvement over similar ones obtained 
from experiments employing standard adsorption techniques. 

Propane on Rutile 
The results obtained for this system are rather surprising. In the region of 

surface coverage below about 0.6 8, the isosteric heats of adsorption fell into - 

two well defined categories. At any surface coverage in this region, isotherms 
below about 185" K. ( 1 / T  = 5.4 X yielded one heat value; above this 
temperature another heat of adsorption, as much as 3 4  kcal. mole-' lower, 
was computed. I n  order to illustrate this situation, the isostei-ic heats were 
evaluated from the slopes of log p vs. l / T  plots, on which data  from all 
isotherms were included. Three typical plots of this type are shown in Fig. 4A. 
The discontinuity in the slope of this plot remains invariant with respect to 
the 1 / T  axis, but diminishes in magnitude a t  higher surface coverages. Beyond 
0.6 8 ,  a characteristic single straight line plot is obtained. The resulting iso- 
steric heat relationships are exemplified by the data a t  174.8" and 210.3" K .  

FIG. 4A. Log p vs. 1/T  for propane adsorbed on rutile, as a function of surface coverage. 
B. Isosteric heat of adsorption of propane on rutile a t  174.8' and 210.3" K. 
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These are shown in Fig. 4B. T h e  heat of adsorption a t  the lower temperature 
is of the general form already described; on the other hand, the curve a t  the  
higher temperature is of notably altered form. 

A thorough at tempt  was made to  establish the validity of the phenomenon. 
Other experimental methods of investigation were not feasible but a pains- 
taking re-examination of the experimental techniques revealed no determinate 
errors capable of accounting for this occurrence. The  possibility always exists 
that indeterminate errors were responsible. For example, in carrying out the 
experiments, the refrigerating liquid was changed near 185" K. froin liquid 
air to dry ice - acetone. Thus, possibly, some spurious temperature effects 
may have arisen. The  construction of the cell (see Fig. 6) and the absence of 
appreciable temperature gradients in the cell a t  this temperature, however, 
tend to reduce the likelihood of such effects being undetected. I t  seems un- 
likely, moreover, that indeterminate effects could occur with a regularity 
leading to the observed results. Two legitimate causes for an  appreciable 
change in the isosteric heat of adsorption are recognized. One is the transition 
of the adsorbed film from a localized to a mobile one, the other a phase change 
in the adsorbed film. Hill (9) has shown that the transition from localized to  
mobile films occurs over wide temperature regions, so that the present case 

0- 

FIG. 5. Differential molar entropy of adsorptioi~ of propane 011 rutile a t  183.9' and 197.6" I<. 
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cannot reasonably be an example of it. The  phase change in the adsorbed film 
is, therefore, the more plausible cause for the dual heats of adsorption. At 
the lowest surface coverages, where complicati~lg factors s i~ch  as molecular 
interactions should contribute little to the over-all heat effect, the difference 
between the high and low temperature isosteric heats equals nearly 3.5 kcal. 
mole-'. This is of the general order of magnitude of the heat of liquefactioll 
of propane a t  185' I<. Thus, one might pos t~~ la t e  the transition, near- 185' K., 
of the adsorbed film from a two dimensional vapor to a two dimensional liquid. 
At higher surface coverages, the continuously increasing degree of close 
packing of the vapor film reduces the transitional heat effect. Finally, near 
0.6 0,  the existence of the vapor film is ended and a unique heal: of adsorption 
is observed. Without heat capacity or entropy data which are independent 
of the heat function, it is unfortunately impossible either to confirm or reject 
the above hypothesis. 

The  differential molar entropy of adsorbed propane reflects the dual heat 
relationship. In  Fig. 5, the results a t  183.9' and 197.6'K. are plotted as a 
function of 0. I t  will be noted that below about 0.G 0, the entropy of the sug- 
gested two dimensional liquid film is appreciably lower than that of the 
vapor. The two quantities approach each other and merge at  the postulated 
disappearance of the vapor film. Neither of the two entropy functions bears 
much resemblance to the methane and ethane counterl)arts. This suggests 
that in the adsorption of propane, the physical pattern set in the adsorption 
of the lower hydrocarbons is altered. A closer examination of this point is 
deferred for a future publication. 

APPENDIX 

Cell Assembly 

The cell and the heater arrangement are shown in Fig. 6. The small perfor- 
ations in the inner cell wall allowed rnultifold access of vapor to adsorbent. 
Equilibrium pressure over the adsorbed film was thereby established more 
speedily. The thin glass rod sealed to the bottom of the inner cell ivall was 
wound with gold foil to eliminate vertical temperature gradients near the 
center of the sample. Strips of gold foil, extending from the glass rod to the 
inner cell wall a t  short intervals, tended to overcome lateral gradients. Copper 
strips placed between inner and outer cell chambers made heat transfer from 
the outside more efficient. The total metallic surface in the cell was less than 
0.01 per cent that of the rutile, so that the effect of adsorption 011 the metals 
could be neglected. Temperature gradients on the outer surface of the cell 
were reduced by 1/32 inch lead sheeting wound to a height about two inches 
above the rutile. A lead umbrella (not shown) fastened to the capillary some 
six inches above the rutile level and extending to the heater wall was used to 
cut down conduction of heat by the capillary lead. 

Detail of Experimental Techniques 

The rutile was first degassed near 300' C. for about 30 hr. The residual 
pressure after such treatment was mm. Hg. Then, for surface coverages 
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TO ROUGH VACUUM 

CONSTANTAN 3MM. CAPILLARY 
HEATING WIRE 

GLASS TAPE 
TiOp 

GLASS ROD COPPER STRIPS 
WOUND WITH 
GOLD FOIL GOLD FOIL STRIPS 

HEATER DETAIL CELL DETAIL 

FIG. 6. Cell assembly, showing details of heater and cell construction. 

for which the vapor pressures were lower than 0.5 cm. Hg, the following 
procedure had to be followed rigorously if equilibrium pressures were to be 
obtained. A known volume of vapor was allowed to come into contact with 
the adsorbent a t  room temperature. The temperature was then adjusted to 
that of the lowest isotherm for the particular adsorbate. I t  was found that the 
recorded pressure was a function of the rate of cooling of the adsorbent. 
Therefore, the rate of cooling had to be diligently controlled, so that the 
required temperature was reached in a period of time greater than the "critical" 
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mentioned below. The rutile was maintained a t  the desired temperature for 
15-25 min. before the equilibrium pressure was read. The sample was next 
warmed to room temperature so that the system was restored to the con- 
dition obtaining prior to the first cooling. The procedure was then repeated, 
attaining this time the next higher selected temperature. After points on all 
required isotherms were determined, the rutile was outgassed and a series of 
points a t  the next higher surface coverage determined by the same procedure. 

TABLE 111 
DEPENDENCE OF APPARENT EQUILIBRIUM PRESSIJRES ON COOLING PERIOD 

Critical 
'Temp. of Volume vapor Co,oling Apparent cooling 

Adsorbate isotherm, aclsorbed tlme equi'rn pressure period 
" K. (cc. N.T.P.) (rnin.) (mm. Hg) (min.) 

CH4 103.2 3.9 20 7.22 X 10-3 
40 5.08 
GO 5.05 >, 40 
90 5.13 

120 5.00 

*Isosteric heats computed from isotlter.ws below 279" K.  showed l a r ~ e  randortr z~nriations. I t  
was concluded, therefore, that a cooling period of 180 man. was not sz~ficient to establish equilibrizrm 
conditions in this system, even though tlte data above tend lo suggest this. I t  was not considered 
praclicable to extend the dzrrakion of the cooling period beyond 180 min .  

The dependence of apparent equilibrium pressures on critical cooling times 
is shown in Table 111. The cooling times varied from adsorbate to adsorbate. 
They decreased somewhat a t  higher temperatures and, as a rule, a t  surface 
coverages characterized by pressures greater than 0.3 cm. Hg, equilibrium was 
attained rapidly regardless of the temperature. 

A further peculiarity of adsorption a t  low surface coverages and low tempera- 
tures is the slow rate a t  which equilibrium pressures may be obtained by 
desorption. Periods comparable with the critical cooling periods wereentirely 
inadequate to  establish equilibrium conditions, when a selected temperature 
was approached by gradual heating. This is illustrated in Fig. 7, where the 
approach to equilibrium by adsorption and desorption methods is shown for 
4.1 cc. propane adsorbed a t  173.2OK. A desorption period of about 20 hr. 
was needed to attain the equilibrium pressure. Thus, while the process is 

. . .  
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SCHRELBER AND McINTOSU: HYDROCARBONS ADSORBED ON RUTILE 855 

TIME- HOURS 

FIG. 7. Approach to  eqililibrii~rn pressure by adsorption and desorption for 4.1 cc. propane 
adsorbed on rutile a t  173.0° I<. 

clearly reversible, serious errors would be committed if the low pressure regions 
had been investigated by desorption methods analogous to the adsorption 
techniques. 

'I'he method of conlpounding isotherms used in this research may be ternled 
"isosteric and discreet". This is in contrast with the usual "isothern~al and 
continuous" methods, in which an entire isotherm is determined by successive 
increments of adsorbate onto a partially covered substrate. The present 
method constitutes some improvement, when the therinodynamic functions 
are sought. For example, the behavior of the isosteric heat of adsorption a t  
low surface coverages is of particular interest (3, 17). The isosteric method 
tends to define q,, more precisely in this region. The argument is illustrated 
with the aid of Fig. 8. The solid lines represent two hypothetical error free 
isotherms a t  temperatures T1 and T2 (TI  < T2). The broken lines represent 
"experimental" isotherms determined a t  the same temperatures by the two 
methods. The sections of the isotherms under consideration are generally de- 
termined by the initial two or three experimental points. In the isothermal 
method it is possible that the values of volume adsorbed in the oneisotherm 
are all affected by error in one direction, and those in the neighboring isotherm 
by error in the opposite direction. An isosteric section through theisotherms 
then yields an experimental value of A P '  which is appreciably different from 
AP-the error free value. I t  is evident from equation [ I ]  that the value of 
q,, will be in some error. 

Such a situation cannot arise when the isosteric procedure isenlployed. 
The greatest proportion of error in the value of the volume of vapor adsorbed 
arises from the determination of the initial volume of vapor admitted to the 
evacuated sample. In this procedure, that error is unique on all isotherms for 
every series of points a t  given surface concentration. Thus if one isotherm is 
again in error in one direction, the ensuing procedure guarantees that at the 
given surface coverage, neighboring isotherms are in error in the same direction, 
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i f  not to the same extent. Therefore, the isosteric section through the isother~ns 
now yields a value of AP' which nearly equals the error free A P .  The error in 
q,, is consequently reduced. 

ISOTHERMAL METHOD 

N' TI 

ISOSTERIC METHOD 

T2 

FIG. 8. Types of error inherent in isothernlal and  isosteric methods of isotherm deterrnina- 
tions. 

A theoretical calculation illustrates the point quantitatively. The adsorption 
of a hydrocarbon vapor on rutile was considered a t  TI = 273OIC. and Tz 
= 293" K.  for three low values of surface coverage. Volu~nes adsorbed and 
equilibrium pressures were computed on the basis of operations consistent 
with the isosteric and isothermal methods. The errors were assigned on the 
basis of uncertainties inherent in pressure readings and volume calibrations. 
The isotherms were constructed as in Fig. 8 and the isosteric section made a t  
0 = 0.1. The values of q,, listed below indicate the magnitude of improvement 
achieved : 
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q,, ideal = -3400 cal.  mole-' 

q,, isosteric = -3390 f 30 cal. mole-' 

q , ,  isothermal  = -3380 & 80 cal. 
Regions of a n  isotherm determined only  a f te r  a considerable number  of experi- 

~ n e n t a l  points  ha s  been obta ined  (generally more t h a n  five), will dev ia te  little 

from t h e  ideal form, regardless of the procedure used,  because of r andom 

cancel lat ions of errors. 

T h e  discreet technique has  a d is t inc t  a d v a n t a g e  over t h e  continuous.  I f  a 
.point  o n  a n  isotherm is in serious e r ror ,  t hen  th i s  e r ror  will affect all subsequeil t  

po in ts  determined b y  t h e  cont inuous  nzethod. T h a t  section of t h e  isotherm 

will t h e n  tend  t o  be distorted.  I n  t h e  discreet me thod ,  each point  is inde- 

pendent ly  de te rmined;  t hus  a point  in grea t  e r ror  would fail to fall upon t h e  

s m o o t h  curve  fitting a series of neighboring points. 
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INFRARED STUDY OF T H E  N-OH GROUP IN ALPHA A N D  BETA 
O X I M E S '  3 "  

BY ANN PALM AND HAROLD W E R B I N ~  

AUS?'III\CT 

The 0-H bending and N-0 stretching vibrations were studied in four pairs 
of isomeric oximes. A band a t  1265 cn1.-', characteristic of the solution spectra of 
the a oximes, is identified with the 0-H bending mode. Tentative assignments 
for the N-0 stretching vibration both in solid and solution spectra are advanced. 
The p isomers show a distinct shift of the band associated with the N-0 mode 
from about 950 cm.-' in the solid to about 930 cm.-l i n  solution. 

The results of a recent investigation (13) of the infrared spectra of five 
pairs of isomeric oximes demonstrated that the most pronounced difference 
between the geometric isomers was the position of the band associated with 
the 0-H stretching vibration which occurred near 3250 cm.-I in the a and 
near 3115 cm.-I in the P oximes. Although the isomers could not be distingu- 
ished from one another on the basis of their frequencies in the 1300 cm.-1 
and 900 cm.-I regions, tentatively attributed to the 0-H deformation and 
N-0 stretching modes, more detailed examination of these absorption bands 
seemed desirable in order to verify these assignments. This was attempted 
in the present study by examining the spectra of eight isomeric oximes as  
Nujol mulls and in benzene and chloroforn~ solutions. The spectra of several 
N- and 0-methyl ethers as well as the sodium salts of some of the oximes were 
also obtained in order to  complenlent this work. 

EXPERIMENTAL 

The preparation of the oximes has been described previously (13). T h e  
method of Goldschmidt and Kjellin (8) was used in making the P-0-methyl 
ether of p-nitrobenzaldoxime. For the syntheses of the a -0 -  and -N-methyl 
ethers of p-nitro- and p-chlorobenzaldoximes the procedures of Brady et al. 
(3) were adopted. The  melting points of the ethers agreed with those reported 
in the literature, the one exception was the N-methyl ether of a-p-nitro- 
benzaldoxime, m.p. 215-21G°C. (lit.: 208OC. (3)). Calc. for CsH80aNz:  N, 
15.4%. Found: N,  15.0%. The sodium salts of a-benzaldoxime, a-p-nitro-, 
and a-p-cl~lorobenzaldoximes were prepared in the following manner. Slightly 
less than one millimole of sodium methoxide in methanol was added t o  one 
nlillimok of the oxime. After standing for one to two minutes, the oxime 
salt was precipitated with copious amounts of anhydrous ether and filtered. 
The  salt was washed several times with ether to remove unreacted oxime and 
was dried over phosphorous pentoxide. The  infrared spectra de~nonstrated 
that the unreacted oximes had been completely removed from the salts. N o  
attempt was made to obtain analytically pure salts since they were used 

'Manzrscript received M a y  17, 1954. 
Contribution jrom the Spectroscopy Laboratory, Illinois Instzttrte of Technology, Chicago, Ill.  

*Aided by a grant from the Research Corporation. 
=Address: Argonne Cancer Research Hospital, Chicago, Ill. 
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PALdI .AND WERBIA': I N F R A R E D  S T U D Y  859 

solely to aid in establisl~ing the 0-13 bands. Analytical reagent grade benzene 
was distilled over sodiutn before use. 

The spectra were recorded with a Perkin-Elmer Model 21 double-beam 
spectrometer equipped with a rock-salt prism. Sodium chloride cells of 0.10 
and 0.20 mm. thickness were employed for the solution studies, while the 
crystalline compounds were mulled with Nujol. Saturated solutions were 
prepared of those oxi~nes which had a limited solubility in benzene and 
chloroform. 

RESULTS AND DISCUSSION 

The frequencies of the principal absorption bands of the oxiines and the 
ethers between 800-1400 cm.-l are listed in Tables 1-111. The salient feature 

TABLE I 

Benzaldoxime 1 Be~~zilmo~~oxirne 

- -  - 

Liquid Benzene 1 Nujol Benzene 1 Nujol Benzene 1 Nujol e ~ i z e n e  
-- - -- 

993(w) 
963(m)  

950(s, b d )  

847 (s )  

873 ( v s )  
856(w) 861(s) 
842(w)  

95 1 ( s )  
940(w) 
924(w) 
008 ( m )  
873(w)  

1358(m) 
1313(s) 
1298 ( s )  
1281 (m) 

1222 ( s )  
1207 (w) 

101 1 ( s )  

972(w) 

86 1 ( s )  

Intensities: weak (w) ,  mediunt (az), strong ( s ) ,  very strong (vs), and broad (bd). These syntbols 
have the sa7ne significance i n  all the tables. 

of the solution spectra of the three a benzaldoximes is a band at 1265 cm.-I 
which is present neither in the solid spectra of these compounds nor in any 
of the p oximes. This band does not occur in N-benzylidineaniline, in the 
sodium salts of the a oximes, nor in any of the ethers, but it is found in the 
benzene spectra of a-o-chloro- and a-m-nitrobenzaldoximes. These observa- 
tions suggest its assignment to the in-plane 0-H bending mode, hitherto 
unreported for oximes. A variety of solvents such as benzene, chloroform, 
carbon tetrachloride, chlorobenzene, and nitrobenzene did not appreciably 
affect the frequency of the 1265 cm.-l band which is in accord with previous 
studies of the solvent effect on the 0-H stretching vibration in oximes (13). 
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TABLE I1 

PRINCI~AL ABSORPTION BANDS OF P-NITROBENZALDOXIMES FROM 800-1350 c&f.-' 

I 01 B 

Oxime 

Nujol Benzene 

967(vs) 968(m) 
942(s) 938(w) 
909(w) 901 (w) 
883 (m) 

852(s) 850(m) 
846 (s) 

N-Methyl 
0-Methyl ether 1 ether 1 Oxime I 0-Methyl ether 

Nujol Benzene 1 Ni~jol I. 
1349(m) 1348(vs) 1343 (m) 

1334(m) 
1312(w) 1314(m) 1308(w) 

1299(w) 

\ .  

(w,bd) 
1181 (w) 1185(w) 
1173(m) 1176(5) 
11 57 (w) 1162 

(m,bd) 

1107(w) llO8(m) 1109(w) 
1057(m) 1051 (vs) 
101O(w) 1013(w) 
976(m) 972(m) 973 

(m,bd) 

890 (w) 
870(w) 

86G (m) 
851 (m) 850(vs) 

Nujol Benzene" 
-- 

1343(m) 1347(m) 

854imj 859 
(s,bd) 

840 (s) 

Nujol Benzene 

1186 (w) 
1171 (w) 1176 (s) 

1110(m) 1109(m) 
1055(s) 1051 (vs) 

968(w) 969 (w) 

931 (w) 930(w). 
916(s) 914(s) 
894(m) 898(m) 

831 (w) 830(w) 
801 (m) 800 (s) 

I 

"Limited solzlbility. 

The  0-H bending mode has been examined in different types of compounds- 
(1, 10, 14), but  not as  extensively as  the 0 - H  stretching vibration, and has 
been found between 1020-1420 cm.-l (10, 14). A comparison of the Nujol 
spectra of a-p-chloro- and a-9-nitrobenzaldoximes and their corresponding 
0- and N-methyl ethers and sodium salts indicated that  a band near 1300, 
cm.-1 could possibly be ascribed to an 0-H bending mode. Evidence favoring 
such an assignment stems from the  work of Voter et al. (18). The  Nujol 
spectra of 1,2-cyclohexanedionedioxime and 1,2-cycloheptaneclionedioxime 
presented by these investigators show that  deuteration of these compounds 
caused the disappearance of,  among others, an intense band around 1300, 
cnl-l. If the 0-13 deformation gives rise t o  a band near 1300 cm.-I, then i ts  
shift to 1265 cm.-l in the solution spectra is not unexpected since it has been 
noted in several instances that  hydrogen bonding causes a frequency shift 
opposite t o  tha t  occurring in the  bands due to  the 0-H stretching mode 
(4, 15). A constraint imposed upon the bending motion in the solid s t a t e  
could account for such an increase in frequency. 

A band a t  1350 c m . 7  in the Nujol spectrum of P-benzaldoxime seems t o  
be displaced to  1321 cm.-I in the solution spectrum. In  P-p-chlorobenzaldoxime 
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TABLE 111 

PRINCIPAL ABSORPTION BANDS OF P-CHLOROBENZALDOSIMES FROM 800-1400 CM.-1 

Oxirne 
- ~ - 

Nujol Benzene 

- 

0-Methyl N-Methyl 
- ether ether Oxi~ne 

Liquid I Benzene Benzene 

1398(w) 

1317(m) 
1300(m) 
1281(w) 

1216(m) 
1200(w) 
1172(m) 

1119(w) 
1106(w) 
1089 (s) 

1012(1n) 

974(vs) 
955 (s) 
935(s) 
896(w) 
875 (s) 

822(s) 

1393 (s) 

1311(m) 
1298(w) 
1278(w) 
1263 (m) 
1251 (w) 
1213(m) 

1177(s) 
1148(m) 

1102(w) 
1090 (s) 
1035(vs) 
1015(s) 
992(m) 

956(s) 
932(w) 
895 (w) 
867(s) 
848 (s) 
825(s) 

1398(m) 

1342(m) 

1295(w) 
1273 (w) 

1204(m) 
1179(m) 
1 16O(w) 

1084(vs) 
1047(vs) 
1010(m) 

960(w) 
947(m) 
914(s) 
862(w) 
842(s) 

817(s) 

1304(m) 
1281 (m) 

1214(w) 

1172 (s) 

1101(m) 
1087(s) 

1011(s) 

948(m) 

83 1 (vs) 

134 1 (m) 

1303(w)' 

1105 (w) 
1087(s) 

1015(vs) 

969 (m) 
957(s,bd) 

898(m) 
859(m) 

827 (w) 
817(m) 

1355 (w) 

1323(w) 
1309 (w) 

1248(m) 

1177(s) 
1149(n1) 

1090 (m) 

1011 (w) 
992(m) 
972 (m) 

935(rn) 
912(m) 

849 (s,bd) 

818(w) 

a similar shift from 1341 cm.-I to 1323 cm.-I is observed, while in /3-p-nitro- 
benzaldoxime the N L v  stretching bancl a t  1343 cm.-I preclucled the confirma- 
tion of this observation. These bands are tentatively assigned to the in-plane 
0-H bending mocle. The fairly strong bands a t  1342 cn~.-l and 1334 cm.-' 
in the spectra of the 0-methyl ethers of a-p-chloro- and a-p-nitrobenzaldoximes 
respectively, are ascribed to a C-H bending vibration of the methyl group. 

There is evidence in the literature for the assignment of the N-0 stretching 
mode to the 900 cm.-l (7, 9, 12) ancl the 800-850 cm.-l regions (5, 11, 16). 
The oximes and the N- and 0-methyl ethers studied exhibit a strong band 
near 940 cm.-l and 850 cm-l. The former, which is missing from the spectra 
of the corresponding aldehydes, is tentatively assigned to the N-0 stretching 
vibration (see Table IV), and the latter is believed to  be due to a C-H bending 
mode. The data in Table IV indicate that the N-0 band is not considerably 
shifted from the solicl to the solution spectra of the a oximes while the /3 isomers 
show a displacement from about 950 cm.-l in the solid to 930 cm.-I- in the 
solution spectra. 

Among the several remaining intense bands observed that are not clue to  
the phenyl or the N-OH groups are those characteristic of the C-0 in the 
methyl ethers, the NO2 in the nitrobenzaldoximes, and the C-Cl in the 
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TABLE I V  

. TENTATIVE ASSIGNMENT OF THE N-0 STRETCHING VIBRATION (cM.-') 
I I 

Benzaldoximes 1 Nujol 1 Benzene 

Unsubstituted 
p-Chloro 
p-Nitro 
o-Chloro 
m-Nitro 
Benzilmonoxime 

948 (vs) 950 (s,bd) 
935 (s) 957 (s,bd) 
942 (s) 955 (s) 
935 (m) 71.;. 
942 (m) 11.;. 
927 (m) 951 (s) 

945 (vs) 930 (s) 
932 (w) 935 (m) 
938 (w) n.d. 
935 (111) n.z. 
915 (m) n. i .  
- 934 (m) 

n.d.-Not detected because of limited solzlbility. 
w.i.-Not investigated. 

chlorobenzaldoximes. The  C-0 band occurring a t  approximately 1050 cm.-1 
shows a slight shift in going from solid to solution analogous to  the dis- 
placement of the N-0 absorption in ,oximes. T h e  NO:! stretching vibrations 
absorb a t  1525 cm.-' and 1345 cm.-I, and a strong band arising possibly from 
the NO2 bending vibration is present a t  about 830 cm.-l (6). The  bands 
associated with the C-C1 modes are found near 1090 cm.-l and 820 cm-1. 
All the above group frequencies remained rather constant throughout the  
various spectra investigated. 

T h e  spectra of the benzilmonoximes differ from those of the benzaldoximes 
in the following respects. The  cr isomer does not have a band in the solution 
spectrum a t  1265 cm.-I characteristic of the cr benzaldoximes, but the P 
isomer shows the displacement of the N-0 band from 951 cm.-' in the solid 
to 934 cm.-I in the solution spectrum, a shift distinctive for the P benzald- 
oximes. There are data  in the literature indicating intramolecular 0-H---0 
bonding in P-benzilmonoxime (17). Since the spectra of P-benzilmonoxime 
and the p benzaldoximes show a close resemblance in the 0-H and N-0 
regions, i.e. near 3100 cnl.-l and 950 cm.-', it is conceivable that  the type of 
association in the /3 benzaldoximes is via intermolecular 0-H---0 bridges, 
whereas the cr oximes may possibly form 0-H---N hydrogen bonds (2, 7).  
In  p-benzilmonoxime the C=O mode occurs a t  the same frequency, 1675 
cm.-l, in both the solid and the solution spectra, offering further evidence 
for intramolecular hydrogen bonding. This vibration shifts from 1645 cm.-l 
in the solid to 1670 cm.-l in the solution spectra of the a isomer. 

T h e  data  presented in this paper evince that the 1265 cm.-I band in the  
solution spectra of cr benzaldoximes and the frequency shift of the N-0 
stretching mode of the P benzaldoximes may be of value in differentiating 
unknown geometric oximes. T h e  applicability of these observations will 
depend upon their confirmation in a greater number of isomers. 
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MOLTEN SALTS 
C O M P L E X  I O N  F O R M A T I O N  IN T H E  S Y S T E M  S I L V E R  C H L O R I D E  - S I L V E R  

N I T R A T E 1  

ABSTRACT 

Conductivity data have been combined with transport fractions to show that 
silver chloride in dilute solutions in silver nitrate can be regarded as being 
almost completely in the form of conlplex catiou. The mobility of the complex 
ion is shown to be about one-half that of silver Ion. 

I t  has frequently been suggested that deviations from simplicity in the 
behavior of binary salt melts should be ascribed to conlplex ion formation, but 
the descriptions have been only qualitative. The conductivity of the systern 
silver chloride - silver nitrate (4) shows considerable deviation froill simplicity, 
as shown in Fig. 1 by the separation between the dashed line and the curve for 
A.  Schwartz (2) determined the e.m.f.'s of cells of the type Ag/AgN03// 
AgCl,AgN03/Ag and found the electrode in the binary melt to be the negative 
electrode of the cell. Spooner (3) obtained similar results in a more detailed 
study. The results suggest that chloride is involved in a cationic complex. 
Spooner pointed out the difficulties encountered in attempting to assess the 
e.m.f. data quantitatively. Measurements of relative transport fractions have 
now been made by Hittorf's method. These data have been conlbined with the 
conductivity data to yield some quantitative ideas about the complex forma- 
tion. 

The constituents of the binary melt are first assumed to be CI', Nos', and 
Agf, with transport fractions 01, eY, and 03, respectively. Passage of z Faradays 
of charge through silver electrodes immersed in a melt having the initial com- 
position Nl (equivalent fraction) AgCl and N2 AgNOs should lead to anolyte 
having weight and composition related to the transport fraction by the 
expression 

[I] (nl + n ~ ) ( N l  - Nll)/z = 9 = N102 - N2e1, 

in which nl and n2 are the equivalents of AgCl and AgNOz in the anolyte and 
Nll its composition after electrolysis. Reference ( I )  gives details for a melt with 
common anion. 

The experimental procedure for determining 9 was essentially the same as 
used earlier ( I ) ,  save for the form of the furnace. Tests showed that a consider- 
able concentration gradient could be caused in this system by a thermal 
gradient (Ludwig-Soret effect). The cell was therefore encased in close-fitting 
copper blocks. Determinations were made a t  270°C. with Nl = 0.118, 0.232, 
and 0.437. The reproducibility was very poor for the most concentrated melt. 
For the other melts, 9 = 0.05 f 0.01 a t  N1 = 0.12, 4 = 0.088 f 0.02 a t  
Nl = 0.23. Despite the lack of precision of these results, they are informative. 

IAfanuscript received iLlay 19,  1954. 
Contribution from the Electrochenzical Laboratory, Department of Chemistry, University of 

Toronto, Toronto 5 ,  Onturio. 
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From equation [I], = (N1& - $)/N2. I t  has been shown that O2 is very 
small in AgN03 (1) and therefore N1e2 must be negligibly small for the dilute 
solutions used here. Hence el = -0.057 f 0.01 a t  Nl = 0.12, 81 = -0.115 
f 0.03 a t  Nl = 0.23. I t  is evident that chloride migrates toward the cathode. 
Assumption of a cation containing chloride is necessary to avoid a negative 
transport fraction; let the choice be the simplest possible, Ag%CI+. 

The constituents will then be assumed to be Ag+, AgZCl+, NOa', and either 
AgCl or Cl'. The choice of the last constituent depends on the model chosen 
for the association : 

(A) AgCl + Ag+ = Ag2CI+ or (B) C1' + 2Ag+ = AgSCl+. 

The two choices lead to different quantitative expressions, but both lead to the 
same result ultinlately, as it happens. The first will be used to exemplify the 
treatment. Let B be the fraction of the silver chloride associated to form com- 
plex ion and let eq denote the transport fraction of the complex ion. I t  can be 
shown that 4 = NIB2 + N204, i.e. that  Oq = -81. Let U3 and U4 denote the 
mobilities (cm.%ec.-+-I) of the constit~ients Ag+ and Ag2Cl+, respectively, 
multiplied by the Faraday constant 96500. Additivity of the conductivities 
leads to 

PI A = (N2 - BNi) U3 + BN~UI.  

Also, BN,U4 = eqA. Combination of this with equation [2] yields 

[31 (N2 U3 - A)/Nl = B U3 - 84A/Nl. 

Without knowledge of the variation of U3 with N1, equation [3] cannot'be used 
to deterilline ,8 a t  v a r i o ~ ~ s  concentrations. However, a limiting value a t  Nl = 0 
can be obtained by finding the limiting values of the first and third members. 
For this purpose U3 is assumed to vary with Nl in the same way that the melt 
would in the absence of interaction of the components (the dashed line of Fig. 
1). This assumption may be incorrect for high values of Nl, but should be appro- 
priate for dilute solutions. The first member has the limiting value 19 (see 
Fig. 1). The third member has the value 19 f 3 a t  Nl = 0.12, 19 f 5 a t  
Nl = 0.23; the limiting value is taken as 19 f 6. The limiting value of B is 
then (19 + 19 =t 6)/40 = 0.95 f 0.15. From equation [3], the limiting value 
of Uq is 40 - 19/(0.95 f 0.15) = 20 f 3. 

Acceptance of model B and the assumption that unassociated C1' contributes 
negligibly to the conductivity will lead to 

A = (1 - 2BNi) U3 + BNI U4 

and (U3 - A)/Nl = 2BU3 - 84A/N1. The limiting value of the first member is 
60 (see Fig. 1). The limiting value of B is (60 + 19 f 6)/80 = 0.99 f 0.08; 
the limiting value of Uq is 80 - 60/(0.99 f 0.08) = 20 f 5. 

Both models A and B meet the requirements that /3 lie between 0 and 1 and 
that Uq be substantially less than Us. Model A is more appealing as a mechan- 
ism; it is also consistent with the concept of conduction of the silver ion by 
repeated rotation of the complex and transfer of a silver ion to an adjacent 
silver chloride ion-pair on the cathode side. 
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FIG. 1. Conducting properties of the system AgC1-AgN03 a t  270". 
0 (N?U3 - A ) / N I  (right scale) (Model A) 
0 (U3 - A)/NL (left scale) (Model B) 

A (left scale) 
- - - U3 (h for undercooled AgCl a t  N I  = 1) (left scale). 
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THE STRUCTURE OF THE THIURAM OXIDES1 

A B S T R A C T  
'The cornpounds identified by previous investigators as thiocarbamyl oxides 

(commonly known as "thiurarn oxides") are shown to  be, instead, the isomeric 
thiocarbamyl carbamyl sulphides. 

In connection with an  investigation of the infrared spectra of certain of the 
dithiocarbanlate fungicides, it became necessary to  prepare analogues of the 
well-known tetrainethylthiuranl monosulphide (I) in which oxygen replaced 
sulphur a t  any or all positions. Of the five possible analogues, the only one 
referred to in the literature is bis(dimethylthiocarbamyl)oxide, the so-called 
ii tetrametl~ylthiuran~ oxide", in which the central atom of I has been replaced 
by an oxygen atom. 

In 1887, Billeter ( I )  prepared two me~nbers of a new series of compounds 
which he designated as "thiuram oxides". His synthesis was a simple one, 
~naking use of the action of absolute ethanol on an N,N-disubstituted thio- 
carbamyl chloride. He explained the formation and structure of these new 
compounds by equation [ A ] .  

2 RR'NCCI + 2 C2HjOH -+ RR 'NCOCNRR'  + 2 CzHaCI + Hz0 [ A  I 
I I 
S 

I/ I1 
S S 

More recently, DelCpine and co-workers (2) produced a series of compounds 
by the reaction of a group of secondary amines with carbon sulphoxy chloride3, 
a derivative of dimeric thiophosgene. Two members of this series proved to  be 
identical with Billeter's compounds, and DelCpine explained their formation 
by equation [B]. 

2 RR 'NH + CzClsOS? -+ RR 'NCOCNRR'  + 2 HCI 
I1 I I  
S S 

~Manzrscr ipt  received Jirne 2, 1954. 
Contribution N o .  54, Scic?ice Service Laboratory, Canada Departmant of Agricziltzrre, Univer- 

s i ty  Post Of ice ,  London,  Ontario. Presented before the 57th Annzral  Meeting of the C l~emica l  I n -  
stitzrte of Canada,  Toronto, Jzr?ze 21-25, 1954. 

2Assistant C l~emis t .  
3The natne "carbolt szrlpltoxy cltloride" has been used thro~rghoz~t  this paper to  avoid a n y  structlrral 

impl icat ions ,  since th is  investigatiott casts some doubt on such previoz4sly advanced for?nzrlas a s  
S 

I I ,  I I A ,  or ClK" C=O (5). T h c  results o j t l t i s  work give so,nc credence to  theforntzrla sirggestd 
\/ 

S 
b y  the work of Rathke (4), i.e., CICSCCI. T h e  reszrIts of a more complete investigation w i l l  be 
reported in dire t ime.  1 1 1  

0 S 
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From this, DelCpine was able to deduce to his satisfaction the structure of 
carbon sulphoxy chloride to be either I1 or IIA. 

/"\ 
CIC-S-CCI 
\ / 

S 

Apart from a brief reference by I<lopping and van cler Kerk (3) who clid not 
question the validity of Billeter's and DelCpine's identification, no further 
work on this series appears to  have been reported. 

In  the present worlc, both methods of synthesis were followecl, the expected 
product in both cases being bis(dimethylthiocarban~~~l)oxide, (111). 

I11 

A. Billeter's Method 
The  product of the action of absolute ethanol on dimethylthiocarbanlyl 

chloride, obtained in yields of up to  SOT0, containecl no oxygen allcl proved to 
be identical in every respect with an authentic salnple of (I). No alteration of 
reaction conditions was effective in producing the desired compound. No 
simple mechanism has been found to  explain this wholly unexpected reaction. 
However, it was felt that  the behavior of clirnetl~yltl~iocarbamyl chloride, the 
lowest disubstit~itecl member, could not be assumed to be characteristic of the 
whole series or to  be an indication of the inaccuracy of Billeter's report, since 
his starting materials were both of the mixed aliphatic-aromatic type and 
possibly quite different from the dirnethyl derivative in behavior. Thenext  
step, then, was to  check Billeter's work by the preparation of one of the two 
compounds actually synthesized by  him. 

To  this end, nlethylphenylthiocarbanlyl chloride was prepared from N- 
methylaniline ancl thiophosgene and then treated with absolute ethanol. The  
product of this reaction was identical with Billeter's methylphenylthiuranl 
oxide in so far as  the melting point checked and the elemental analysis was 
similar and indicated the presence of an atom of oxygen. The infrared spectrum 
of this conlpound, however, showed strong absorption a t  1670 cnl-l. T h e  
strength and position of this absorption indicated the presence of a carbonyl 
group. This, in turn, pointed not to the "thiurarn oxide" structure, but  to  the 
thiocarbamyl carbamyl sulphide structure, IV. 

RR'NCSCNRR' 
II I I  
0 S 

IV 

This being the case, it is evident that  the reaction must involve the electronic - 
shift C-0 to C-S, possibly as in equation [C]. 

II 
S 

/I 
0 
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ROH 
I I 

RR'NCCI 
RR'NCCI + [RR'NCOH] + RR'NCSH ---4 IV. 

i I 
S 

I1 
S 

I I 
0 

B. Delhpine's Reaction 
The reaction of dimethylamine with carbon sulphoxy chloride resulted in 

the formation of a compound identical with that  produced by DelCpine in his 
original worlc. Elemental analysis indicated the presence of one atom of oxygen 
and supported the empirical formula advanced by DelCpine. However, as in 
the case of the previous compound, the infrared spectrum of this derivative 
showed a strong band a t  1670 cn1.-l, again pointing to structure IV. 

An unequivocal proof of structure by direct synthesis was next sought. 
DelCpine, in his original work, in an attempt to prove that  his compounds did 
not have structure IV, tried unsuccessfully to form IV (RECHI,  K'=C6H,) 
through the reaction of ammonium metl~ylphenyldithiocarbamate with 
methylphenylcarbamyl chloride as in equation [Dl.  The only product that  he 
was able to isolate was identified as  1,3-dinlethyl-I ,3-diphenylurea. 

2 I V  (R=CHJ,  Rr=C6H,) + NHlCl 

C~H~(CHJ)NCSNH,  f CICh'(CH3)CsH, [Dl 
I I 
S 

I I 
0 b[C6H.(CHJ)N/,C0 

A similar attempt by DelCpine to obtain IV ( K =  K1=CH3), as in equation [E l ,  
yielded no identifiable product. 

(CH3)?NCSH .HN(CHa)z +lClCN(CH3)2 + ( C H J ) ~ N H .  HCI + I V  (R=Rf=CI-la). [El 
I I 
S 

I I 
0 

Subsequent t o  DelCpine's work, however, the use of the sodium salt in place 
of the ammonium or dimethylamnlonii~m salts of equations [Dl and [El was 
described in the patent literature (6). This modification, when adapted to the 
present requirements, afforded the desired compound in good yield. 

Comparison of this substance with the "thiuram oxide" produced by  
DelCpine's reaction from carbon sulphoxy chloride and dimethylamine showed 
them to be identical with respect to infrared spectrum, melting point, and 
elemental analysis. A mixture of the two showed no depression of melting 
point. 

The identity of these two compounds confirms the spectroscopic evidence 
that the "thiuram oxides" do indeed contain a carbonyl group. The conclusion, 
therefore, is that  the compounds of Billeter and of DelCpine here re-examined 
are, in fact, thiocarba~nyl carbamyl sulphides and not, as previously believed, 
bis(N,N-disubstituted thiocarbamyl) oxides. There is also every reason t o -  
assume that  the same conclusion is valid for those members not individually 
examined in this work. 
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EXPERIMENTAL4 

Carbon Szslphoxy Chloride 

This intermediate was prepared by the method of Schonberg and Stephen- 
son (5). 

Attempted Preparation of bis(Dimethylthiocarbamy1) oxide ( I I I )  

Di~nethylthiocarbamyl chloride was warmed on a steam-bath for 30 min. 
with double its weight of absolute ethanol. The  solution was then diluted with 
five times the volume of water and the resultant mixture extracted with ether. 
The  ether solution was dried with anhydrous sodium sulphate and the solvent 
removed by evaporation. There was left a bright yellow pourder which, when 
recrystallized several times from absolute ethanol, melted a t  108.5-10g°C. 
A mixture of this with authentic te t ramethyl thiurai~~ monosulphide (I) 
showed no depression of nlelting point. The  infrared spectra of the two were 
identical. Calc. for C6HI2N2Sa: S ,  46.15y0. Found: S,  16.1%. 

Variation of reaction time and temperature, substitution of water for absolute 
ethanol, the use of a solvent other than the excess ethanol, and the introduc- 
tion of sodium carbonate to take up hyclrogen chloride, if and when formed, 
dicl not change the product. Yields varied between 30-50% in all experiments. 

n/fethylphenylth~iocarbamyl n/fethylphenylcarbamyl Subphide ( IV,  R = C&, 
R' = CsHs) 

T o  thiophosgene (1.15 gm., 0.01 mole) in chloroforn~ (20 ml.) was added, 
slowly with frequent shalting, N-methylaniline (1.07 gm., 0.01 mole) in chloro- 
form (20 ~ n l . ) .  The  mixture was shaken frequently over a period of two hours 
a t  room temperature and then absolute ethanol (10 ml.) was added. T h e  
mixture was warmed on a steam-bath for 30 min. The  cooled solution was then 
extracted with water to remove any amine hyclrochloride and dried with 
anhydrous sodium sulphate. The dried, filtered solution was then evapor- 
ated to a small volume. Upon the introduction of 100 ml. of petroleum ether, 
crystallization took place. The yellow precipitate was filtered off, washed with 
petroleum ether, and recrystallized several times from absolute ethanol. 
Yield: 0.8 gm. (52y0, assuming no anline hydrochloride formed). h4.p.: 1 17.0°C. 
(lit.: 116.5' C. ( I ) ) .  Calc. for C ~ G H ~ ~ N ~ O S Z :  S,  20.25%. Found: S,  20.2%. 

The infrared spectrum of this compound showed a strong band a t  1670 cm-l. 

Dimethylthiocarbamyl Dimethylcarbamyl Sulphide ( I  17, R = R' = CH3) 

(a) A solution of carbon sulphoxy chloride (1.75 gm., 0.01 mole) in benzene 
(40 ml.) was added to a solution of dimethylamine (about 1.8 gm., 0.04 mole) 
in benzene (40 ml.). T h e  mixture was shaken a t  room temperature for 30 min. 
and then warmed on the steam-bath for a like period. The  benzene solution 
was then washed with dilute hydrochloric acid and with water and then dried 
over anhydrous sodium sulphate. h/Iost of the  benzene was then evaporated off 
and 100 ml. of petroleum ether was added to  induce crystallization. The pre- 

' A l l  meltzng points are uncorrected and were oblnined on  the Fisher-Joh~zs block. Infrared spectra 
were delernrined w i th  a Perkin-Elmer Model 21 equipped w i t h  sodizrnl chloride pristft. 
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cipitate was recrystallized several times from absolute ethanol. Yielcl: 1.1 gm. 
(5870). M.p.:  76.5-77°C. (lit.: 79" C.(2)). Calc. for C~H12N20Sa: N ,  14.6y0; S ,  
33.3%. Found: N ,  14.65y0; S, 33.6v0. 

(b) Sodium dimethylditl~iocarban~ate (1.4 gm., 0.01 mole) was dissolved in 
the  minimum a n ~ o u n t  of water (about 5 mi.) and to  this was adcled dimethyl- 
carbamyl chloride (1.08 gm., 0.01 mole). The mixture was heated on the steam- 
bath for 45 min. The yellow-brown oil that  formed in the cooled mixture was 
talcen LIP in ethcr. The ether solution, after being dried with sodii~m sulphate, 
was evaporated to a small volume. Addition of 100 ml. petroleum ether yielded 
a bright yellow precipitate. Recrystallization from absolute ethanol gave a 
yellow powder. M.p.:  76.5-77OC. Yield: 1.3 gm. (68%). 

A mixture of the compounds from (a) and (b) gave 1n.p. 76.5-77OC. Their 
infrared spectra were identical and showed a strong peak a t  1670 cin-I. 
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THE AERATION PRODUCTS OF 
DISODIUM ETHYLENEBISDITHIOCARBAMnTEl 

The aeration of dilute solutions of disodium ethylenebisditliiocarbamate 
yields hexahyclro-l,3,6-thiadiazepine-2,'i-dithione ( I ) ,  poly~neric I ,  Zimidazoli- 
dinethione, and  elemental sulphur. I with anilnonia gives mainly hexahydro- 
1,3,5-triazepine-2,4-dithione. I and  polymeric I have high antifungal activity. 

The  anomalous protective fungicidal action of the highly water-soluble 
disodium ethylenebisdithiocarbamate (nabam) has been investigated in this 
laboratory. I t  has been shown (9, 10) tha t  the aeration of dilute solutions of 
nabain results in the fol-mation of a yellow insoluble fungicidal material 
consisting mainly of a polymer, (C4H6N2S3),L, together with up to  20% of 
the corresponding monomer and varying amounts of e le~ne~ltal  sulphur. 
The filtrate of the reaction mixture yields further amounts of the monomer 
and nonfungicidal 2-imidazolidinethione (ethylenethiourea). The latter had 
been identified previously by Barratt  and Horsfall (1) as a brealtdown product 
of nabam. 

The  compound IC4HGN2S3(I) gives a positive sodium azide - iocline test (4) 
for thioketones and mercaptans. Reaction of I with Grote's reagent (5) gives 
a red-brown color. According to  Grote, a red coloration indicates the presence 
of thiol, while a green or blue color is obtained with thioketones. 

The ultraviolet absorption spectra of I and tetramethylthiuran~ mono- 
sulphide (11) are distinctly similar. For compound I ,  the peaks are a t  280 mp, 
Em = 19600, and a t  227.5 mp. Em = 8800; for tetramethylthiura~n mono- 
sulphicle maximum absorption is a t  280 mp, Em = 16300, and a t  210 mp, 
Em = 17000. 

Reaction of I either with concentrated aqueous ammonia a t  room temper- 
ature or with liquid ammonia yields a compound C4H7N3SZ, for which the 
structures I I IA  and I I IB  can be written. The  reaction in aqueous ammonia 

'Afa?zz~script received M a y  17,  1954. 
Contribz~tion No .  52, Sciefzce Servzce Laboratory, Canada Depart~nent  of Agricztlture, Uvivers i ty  

St46 Post O@ce, London,  Ontario. Preseftted i n  part to the 57th A n n u a l  Conference of the Chemical 
Insl i tz~te  of Canada i n  Toronto, Jztne 91-25, 1954. 

2Senzor Chemist. 
3Principal P lan t  Pathologzst. 
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T l f O R N  A N D  L U D l l l G :  AERr lTION PRODUCTS 

132 Hy 
C-C 
/ \ 

H 
IIIA 

yields also a compound C4H120N4S2, probably the monohydrate of the open- 
chain diamide, ethj~lenebistl~iourea (IV). The at-tempted preparation of IV 
through reaction of excess concentrated aqueous ammonia with ethylenebisiso- 
thiocyanate gave, surprisingly, the compound 111 in good yield. Petersen (13) 
has shown that the reaction of excess hexamethylenebisisocyanate with am- 
monia yields 6-ureido-l~exylisocyanate (V), which with excess amnlonia is 
converted to the expected diurea. Structure IIIB for the compound 

C4H7N3S2 is however ruled out, as the infrared spectrum of the conlpound 
shows 110 absorption jn the 2100 c n ~ . ~ '  region attributable to the isotlliocyanate 
grouping. Further, the spectrum in the "finger-print1' region shows a very 
close similarity to that of ethyl ditl~iobiuret.~ The compound C4H7N3S2 
must be therefore ethylenedithiobiuret (hexahvdro-1,3,5-triazepine-2,4-di- 
thione5) (I1 IA). 

From the foregoing, especially the reaction of I with ammonia and the 
independent synthesis of ethylenedithiobiuret, it call be concluded that the 
compound C4HGAr2S3(1) is ethylenethiuram n~onosulphide (hexahydro-1,3,6- 
thiadiazepine-2,7-dithione5) : 

The structure may be that of the thioamide, IA, or of the enethiol, IB. Our 
interpretation of the infrared spectrum favors the latter structure. The strong 
band a t  1610 cnl.-l is taken as indicative of C=N (3) ; the bands attributable 
to the thioamide group (3, 14) are absent, and there is no evidence of N-H 
stretching in the 3200 ern.-' region. 

4Sample  k i f ~ d l y  supplied b y  Dr.  G. Woolfe,  Boots Pzcre Drzrg Co. Ltd.,  West  Bridgford, Notts., 
Eng land .  

6Nanzed i n  accorda7~ce w i t h  Patterson and Capell (12) .  
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Ethylenethiuram monosulpl~ide forms a hydrochloride, m.p. 210-211°C., 
a picrate, n1.p. 171-17Z°C., a perchlorate, m.p. 182-183"C., and an acctyl 
derivative, n1.p. 151-152°C. 

The insoluble yellow polymeric ethylenethiuram inonosulphide is obtained 
simply by removal of the more soluble components of the precipitate from the 
aeration of nabam by washing with water, drying the residue, and washing 
with cold chloroforn~. The material appears to be quite insoluble in all organic 
solvents tested. Its infrared spectrum shows the same bands of the monomer, 
some with slight shift in wave length. Digestion of the polymei- with hot 
chloroform or acetone gives rise to a change in the elemental analysis (increased 
carbon and hydrogen values) of the residue together with the disappearance 
of the 1610 cm.-I band of the spectrum and the appearance of bands a t  1475 
cm.-I and a t  3210 an.-I (N---H), and also a t  1705 cm.-' (C=O), when acetone 
is used as the digestion solvent. The nature of the materials formed was not 
investigated further. 

'The pol\~rner can be obtained also in a crystalline form by allowing a 
1000 p.p.m. solution of naban1 to evaporate slowly (room temperature) in a 
shallow tray to about one half its volume, filtering, and washing as above. 
The material has a decomposition point of 145-147°C. 

I t  was hoped that a convenient method of analysis of micro amounts of 
ethylenethiuram monosulphide and its polyiner might be based on carbon 
disulphide evolution through acid hydrolysis (2). However, only roughly 10% 
of the theoretical amount of carbon disulphide was obtained on digestion with 
1 N sulphuric acid for one hour. Lower recoveries resulted with stronger acid. 
The use of sodium bisulphite (6) was of no avail. 

The synthesis of ethylenethiuram monosulphide was attempted ~lsing 
several methods. The reaction of ethylenethiourea with carbon disulphide a t  
elevated temperatures and pressures (up to 20 atm.) yielded a t  best a sinalI 
amount of odiferous brown material. More promising are the reaction of 
ethylenebisisothiocyanate with hydrogen sulphide, of sodium (3-aminoethyl- 
dithiocarbarnate with thiophosgene, and of thiophosgene, sodium sulphide, 
and ethylenediamine. This work is as yet incomplete, but low yields have been 
obtained of yellow material possessing the required sulphur and nitrogen 
content, and showing a good meastire of toxicity towards Sclerotinia fructicola. 

The oxidation of nabam with the usual mild oxidizing agents-hgdrogen 
peroxide, persulphate, iodine-resulted In the formation of the polyethylene- 
thiuram disulphide (8). 

E X P E R I M E N T A L 6  

Aeration of Nabam Solulions 

The course of breakdown of nabam is affected markedly by solution con- 
centration. I t  was found that 1000 p.p.m. nabam is optimal for the preparatio~x 
of the fungicidal yellow precipitate without external control of pH. Accord- 
ingly, 150 liters of 0.1% nabam was aerated vigorously in a wooden cask. 

6All  melling points are zrncorrected ond were obtained on the Fisher-Johns block. E.D. 50 ral~ces 
ruere obtai?ted by  tlte spore drop technipz~e using Sclerotinia fructicola as the test organism. 
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The pH, initially about 8.5, dropped rapidly to about 7.0, and slowly rose to 
between 8 and 9. The solution first turned orange in color, then became 
milky, and finally the ).ellow material separated out. The "reaction tiine" 
varied, but was usually three to four days. The solid was separated by basket 
centrifugation. The air-dried yield was 30 to 65 gm. The material obtained in 
this way analyzed 62y0 S (av.) and has been given the code G.D. 26 (10). 
I t  gave an E.D. 50 of 12-15 p . p . ~ . ~  

The yellow material above was washed with water, dried, then allowed 
to stand with successive ainounts of chloroform 1-0 remove the inore soluble 
sulphur and ethylenethiuram monosulphide, to leave 70 to 80% by weight as 
insoluble material, m.p. 145-147°C. (deconip.). Found : C, 27.6; H ,  3.27; 
N ,  16.0; S,  54.6%. Calc. for (C4H6N&3),,: C, 27.0; H ,  3.37; N, 15.7; S ,  53.9%. 
The E.D. 50 value was 8-10 p.p.in. 

Fractional crystallizatiol~ of the chloroform soluble portion yielded elemen- 
tal sulphur (up to 157; of total) and ethylenethiuram monosulphide. 

Ethylenethiuram AJonosulphide ( I )  
The filtrate from G.D. 26 was extracted by vigorous stirring with about 3 

liters of chloroform. The lower layer was siphoned off, dried with anhydrous 
sodium sulphate, and the solvent removed i n  vacuo to leave a yellow residue, 
6 to 15 gm., anal. 48 to 51y0 S. Repeated crystallization from chloroform- 
ethanol, and chloroforn~ alone, yielded ethylenethiuram monosulphide, m.p. 
125-6°C. Found: C, 27.3; H ,  2.97; N, 15.9; S ,  54.2y0; 11101. wt., 176 (isopiestic 
(11)). Calc. for C4H6N2S3: C, 27.0; H ,  3.37; N ,  15.7; S, 53.9%; mol. wt., 178. 
The E.D. 50 value was 1.5 p.p.m. 

Concentration of the extracted aqueous portion to small volurne and 
extraction with ether gave ethylenethiourea, 7 gnl. (after removal of a sinall 
amount of ethylenethiuram inonosulphide with chloroform and crystallization 
from ethanol), m.p. 197-19S°C., not deplessed 011 atlmixture with authentic 
ethylenethiourea. Calc. for C3H6NzS: S ,  31.4%. Fouild: S ,  31.5%. 

Ethylenedithiobiuvet (Hexahydro-1,3,5-triazepine-2,4-di,'hione) ( I  I IA) 

A. Ethylenethiuram monosulphide, 0.94 gm., was covered with about 5 1111. 
l i q ~ ~ i d  ammonia and the mixture allowed to stand for 24 hr. Evaporation of 
the amn~onia from the -resulting solution left a pale yellow residue, which 
after crystallization from ethanol gave white material, n1.p. 190-192°C. 
The compound can be sublimed a t  140°C. under 0.001 mm. without apparent 
decomposition, but without sharpening of the melting point. Found: C, 29.9; 
H, 4.60; N ,  26.1; S ,  39.7%. Calc. for CbHiN3SZ: C, 29.8; H ,  4.35; N ,  26.1; 
S,  39.8y0. The material gave an E.D. 50 value of 75-80 p.p.m. 

B. The reaction of ethylenethiuram monosulphide with aqueous conceiltra- 
ted ammonia a t  rooin temperature gave mainly the cyclic imide, ethylenedi- 
thiobiuret, with some open-chain amide, ethylenebisthiourea. The total yield 
was about goy0. 

5E.D. 50-efeclive dosage required for 5 0 y o  ifillhibition of spore ger7ninalioa. 
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On one occasion, the amide was the main reaction product. A constant 
melting point of 195-196°C. (decomp.) was obtained after two crystallizations 
from 95% ethanol. Found: C, 24.7; H ,  6.25; N,  28.4; S, 32.6%. Calc. for 
C4HloN4S2-H20: C, 24.5; H ,  6.13; N, 28.6; S. 32.7%. E.D. 50 value was 
above 100 p.p.m., the highest concentration tested. 

C. The reaction of the polyethylenethiurain monosulphide with concentrated 
aqueous ammonia a t  room temperature also gave ethylenedithiobiuret in the  
same order of yield as in B;  high analytical figures for X and low for S in the 
crude reaction product indicated, here also, the formation of some amide. 

D. Ethylenebisisothiocyanate (8), 0.2 gm., was covered with 4 1111. conc. 
ammonium hydroxide and rubbed against the side of the flask with a glass 
rod. The white crystalline material formed was removed by filtration, washed 
with water, and crystallized from ethanol, giving 0.15 gin., m.p. 190-19Z0C., 
not depressed on adniixture with material from A. Found: C,  30.2; H, 4.69; 
N,  26.1; S, 39.7%. Calc. for CdHTN3S2: C,  29.8; H,  4.35; IT, 26.1; S, 39.8%. 

Interaction of I with Hydrogen Chloride 

A mixture of 0.95 ml. conc. hydrochloric acid and 0.10 gm. ethylene- 
thiuram monosulphide in 25 ml. chloroform was shaken for five minutes. The 
solid was removed by filtration, washed with chloroforn~, and dried over 
sodium hydroxide in vaczro. The yield was 0.12 gm. of pale yellow material 
melting a t  210-211°C. after crystallization from ethanol. The E.D. value was 
found to be 1-1.5 p.p.m. Found: C,  22.2; H ,  3.01; X, 13.3; S,  44.6; C1, 16.7%- 
Calc. for C4H6N?S3.HCl: C,  22.4; H,  3.26; N,  13.1; S, 44.7; C1, 16.6%. 

Addition of an equivalent of sodium hydroxide to a chloroform suspension 
of the compound gave back the ethylenethiuram monosulphide. The use of a 
greater excess of hydrochloric acid did not give a dihydrochloride. 

Interaction of I with Acetic Anhydride 

Ethylenethiuram monosulphide, 0.20 gm., was suspended in S inl. acetic 
anhydride and the mixture allowed to stand a t  room temperature for two 
hours. The resulting solution was poured over a small quantity of crushed ice. 
The orange precipitate was removed, washed well with water, and dried; 
yield, 0.16 gm. I t  melted a t  151-152OC. (decomp.) after crystallization from 
chloroform. Found: C,  33.1; H, 3.23; N,  12.7; S ,  43.2%. Calc. for the mono- 
acetyl derivative, C6H80N2S3: C,  32.7; H ,  3.63; N,  12.7; s, 43.6y0. The E.D. 
50 value was above 100 p.p.m., the highest concentration tested. 

The use of elevated temperatures for the reaction resulted in much decom- 
position with the formation of a tarry material. 

I and Perchloric Acid 

The addition of excess concentrated perchloric acid to a chloroform solution 
of ethylenethiuram ~nonosulphide gave yellow material, which, when washed 
well with chloroform and ether, melted a t  182--183OC. (decomp.). The yield 
was quantitative. Found: N, 10.1; S ,  33.7; C1, 12.8%. Calc. for C~HE,N?S~- 
HC10,: N,  10.1; S, 34.5; C1, 12.8%. 
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I w i t h  Picric  A c i d  
The  addition of excess picric acid in ethanol to  ethylenethiuran~ mono- 

sulphide in minimum chlorofor~n solution gave on standing yellow crystals, m.p. 
171-172°C. out of ethanol. Found: S ,  24.2%. Calc. for C4HGN2S3.C6H307N3: 
s, 23.8Y0. 

DISCUSSION 

The  formation of the yellow material, G.D. 26, would appear to explain 
the prolonged fungicidal activity when nabam is sprayed in the field. I t  does 
not however give any insight into the actual mode of fu~lgicidal action. 
On the basis of fungistatic tests involving different mold species, Klopping 
ancl van der Kerli (7, 8) co~lcluded that  "the antifungal activity of the bis- 
dithiocarbamates is due to their tl-ansformation into the correspo~lding 
diisothiocyanates" : 

Sijpesteyn and van der Kerli (15) have shown that  n a b a ~ n  and tetra- 
methylenebisisothiocya~~ate are rendered inactive by the addition of thiols to  
the culture medium. They believe this to be brought about by the formation 
of (stable) dithiocarbamate esters: 

These authors have shown also that there is a marked decrease in toxicity 
for the reaction products of thioglycollic acid with the ethylene- and tetra- 
methylenebisisothiocyanates. They suggest therefore that the antifungal 
action of the bisdithiocarbarnates and the bisisothiocyanates is through 
reaction of these compounds with essential -SH compounds in the cells. 

The  present authors have found dimethyl ethylenebisdit-hiocarban~ate to 
possess an E.D. 50 value of 200 p.p.m. In contrast to  this, nabanl shows 
an  apparent E .D.  50 value of 2-5 p.p.m., and ethylenebisisothiocyanate an  
E.D.  50 value well below 1 p.p.m. This can be taken as evidence in support of 
the Dutch workers' theory. 

Sijpesteyn and van der Kerk (15) consider that  the formation of ethylene- 
thiuram monosulphide serves as a direct indication for the transitory appear- 
ance of isothiocyanate groups. 'They offer the following equations: 

CHzNHCSSNa CH ,-N=C=S 
I - 1  +NaSH. [I] 
CHzNHCSSNa CH2NHCSSNa 

CH 2-N=C=S C H r N = C = S  CH2-NH-C HS 

I hydrolysis 
A I >s . I21 

CHzNHCSSNa CHzNHCSSH CH2-NH-C xs 
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The fornlation ol  etl~yleneclithiobiuret ( I I IA) from ethylenebisisotf~io- 
cyanate and amn~onia  very likely proceeds by analogy with the equations 
above, and so lends support to  the proposal of  Sijpesteyn and van der 1Cerk:s 

Moreover, the fungicidal action of ethylenethiurain. n~onosulpl~ide is 
antagonized by thiol compounds (15) in the same way as was demonstrated 
for nabam and tetran~etl~ylenebisisothiocyanate. Sijpesteyn and van rJer 
I<erk state that  this fact points to a common biochenlical mode of action. 
They consider a reversal of the ring closure presented in equation [2] above 
(presumably induced by RSH) to form the isothiocyanate group (VI) requisite 
to their theory. Similarly, e th j~ le r~ed i t l~ iob i~~re t  should undergo the same ring 
fission and display the same order of fungitoxicity as  ethylenethiurarn mono- 
sulphide. The observed E.D.  50 value of ethylenedithiobiuret is rather high 
in comparison with that of the thiurarn monosulphide. This would suggest 
that the modes of fungicidal activity are quite different, or perhaps that the 
dithiobiuret is more stable towards ring opening than is ethylenethiuram 
monosulphide. No chemical or physical evidence has yet been gathered to 
establish the formation of isothiocyanate through the proton-wandering 
postulated by Sijpesteyn and van der Kerk. 

The  actual den~onstration of the presence of the isothiocya~late grouping is 
rendered difficult because of its high reactivity. This does not detract, however, 
from the possibility that the biochemical action of nabam and of the thiuram 
monosulphide is through transitory isothiocyanate which acts on -SH 
groups in the fungus cell. 
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8The referee has expressed skepticistn of the formatiion of isothiocyanate i n  dilz~tc apzleous solu- 
tiolt, and suggested that the thiz~ranz ?nonosulphide cozdd form as  f01Iows: 

W e  tend to concur, however, wi th  the proposal of van der Kerk and Szjpesteyn i n  the light of the 
considerable evidence, albeit ntai?zly circu?)zstantlal, for the ?no?ne?ztary existence of isotlziocyanate. 
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THE VAPOR PHASE PARTIAL OXIDATION OF n-BUTANE- 
EFFECT OF PRESSURE, REACTION TIME, AND INLET GAS 

COMPOSITION1 

BY D. QUON~,  I. DALLA L A N A , ~  AND G. W. GOVIEK~ 

ABSTRACT 

Data are presented on the product yields and the general course of the partial 
oxidation of n-butane a t  an  ambient temperature of 725"F., a t  pressures ranging 
from 50 to 175 p.s.i.a., reaction times of 1.0 to  4.5 sec., and inlet reactant 
conipositions of 1.5 to  6.0 mole % n-butane and 1.5 t o  6.0 mole Yo oxygen (the 
remainder being diluent nitrogen). Conditions were neither isothermal nor 
adiabatic and peak temperatures a s  much as  70 Fahrenheit degrees higher than 
the inlet temperatures were encountered. The reactor consisted of a 24-ft. length 
of %-ill. stainless steel pipe, immersed in a bath of boiling Aroclor 1254. Under 
optimrim conditions, a 20Y0 conversion of the butane to  methanol, ethanol, 
acetaldehyde, acetone, and formaldehyde was obtained. In all the tests, an 
induction period of approximately 0.75 sec. was observed. 

INTRODUCTION 

The  vapor phase partial oxidation of the ordinarily gaseous paraffin hydro- 
carbons, including n-butane, has been the subject of numerous investigations 
and forms the basis of several commercial processes. Despite this, the literature 
offers little definite information and no systematic correlation of the many 
variables affecting the course and rate of the reaction. This paper, the first 
of a series on the partial oxidation of n-butane, gives the results of experi- 
mental studies on the reaction in a flow system a t  a constant ambient temper- 
ature but over a range of pressures, reaction times, and reactant concentrations. 

THEORETICAL CONSIDERATIONS 

Little published work appears specifically on the partial oxidation of n- 
butane. Wiezewich and Frolich (10) identified one-, two-, three-, and four- 
carbon-atom alcohols, acetaldehyde, propionaldehyde, acetone, acetic acid, 
and propyl acetate in their liquid products from the reaction of a 950jo n- 
butane-50jo oxygen mixture a t  pressures of 33-160 atmospheres and temper- 
atures of 410-490°F. Commercial installations using the partial oxidation 
process employ lower pressures (10-20 atmospheres) and higher temperatures 
(750°F. and higher). Reaction time is of the order of a few seconds. For ex- 
ample, a Celanese Corporation patent (1) suggests operation a t  20 atmos- 
pheres pressure, a reaction time of 1.15 sec., and an initiation temperature 
of 75OoF., using a feed made up of 1 part (by volume) of n-butane, 10 parts 
air, and 110 parts steam. Nitrogen may also be used as  a diluent. Other 

'Manuscript received M a y  7, 1954. 
Contribz~tion from the Research Coztncil of Alberta and the Department of Cheniical and Petrol- 

ezrm Engineering, University of Alberta, Edmonton, Alberta. 
2Research Chentical Engineer, Research Coz~ncil of Alberta and Special Lecturer, Department 

of Chenzicnl and Pelrolezrrri Engineering, U~ziversity of Alberta. 
3Cominco Fellow, Departrnent of Cfiemical and Petroleunt Engineering, University of Alberta. 

Present - -. address-Department of Cliemical Engineering, University of Afinnesota, &fi?ineapolis, 
Minnesota. 

'Head,  Deparlme7tl of Chernical and Petroleu7n Engineering, University of Alberta. 
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QLIOA' E T  AL. :  I'APOR PH.4SE OF 71-BUTANE 881 

reports (9) indicate substantial yields of formaldehyde, acetaldehyde, methanol, 
acetone, organic acids, and smaller quantities of other compounds. 

In addition to these desirable products, water is formed and there is con- 
siderable further oxidation to carbon monoxide and carbon dioxide. Free 
energy data  (8) indicate that  a t  the range of temperatures and pressures used, 
all of the oxygenated organic compounds are inherently unstable and tha t  
the equilibrium end products are carbon dioxide and water. In order t o  
obtain high yields of useful products, the reaction must consequently be 
stopped before it goes to  completion. Factors which tend toward increased 
yields of oxygenated organic compounds include: close control of reaction 
time, operation under pressure, low oxygen concentrations (to limit the 
amount available for secondary oxidations), and large amounts of diluent 
in order to absorb the heat of reaction and to permit survival of the inter- 
mediate products by limiting the temperature rise. 

Attempts t o  predict the course of the reaction or the product distribution 
from assumed reaction mechanisms have not been too successful. In  the 
broad field of hydrocarbon oxidation there are, in general, three postulations 
as  to mechanism (3). 

(I) Hydroxylation-in which an  oxygen atom attacks the carbon-hydrogen 
bond a t  the end of the hydrocarbon chain to produce an alcohol. This step is 
followed by further oxygen attack and subsequently by thermal decomposi- 
tions. One of the  weaknesses of this theory, however, is that  the formation 
of atomic oxygen is difficult t o  explain. 

(2) Peroxide-in which an oxygen molecule attacks a carbon-hydrogen 
bond to give a peroxide which, being inherently unstable, decomposes to 
yield alcohols, aldehydes, acids, water, and carbon oxides. 

Both of the above mechanisms have chain-initiating and chain-terminating 
steps to  account for inhibition by surfaces. 

(3) Atomic chain theory of Norrish (7)-in which the reaction is propagated 
by atoms and radicals rather than by an  energy chain mechanism. 

All of these mechanisms involve a number of steps and give a variety of 
products, the distribution of which depends upon the relative reaction rates 
of the individual steps. However, the problem of validating a proposed 
mechanism for such a complex reaction represents an extremely difficult task. 
Even in the case of methane, the simplest hydrocarbon and the one most 
thoroughly studied, there is no general agreement on mechanism. The partial 
oxidation of n-butane is much more complex since there are carbon-carbon 
bonds to be attacked as well as  carbon-hydrogen bonds. 

EXPERIMENTAL PROGRAM 

The initial studies reported below were planned to  determine the reaction 
conditions under which the partial oxidation of n-butane would produce 
substantial yields of oxygenated organic products and to  enable observation 
of the general characteristics of the reaction. The obvious variables to be  
investigated were temperature, pressure, reaction time, and inlet gas composi- 
tion. The  present experimental program was concerned only with the effect 
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of the  last three variables, the  initiation temperature being held constant 
in all cases. I t  was found tha t  the reaction took place not isotl~ermally, but  
over a range of temperatures, the  temperature gradient within the  reactor 
being a function of the  heat transfer characteristics of the  reactor and of the  
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QUON E T  AL.: V A P O R  PHASE OF ?L-BUTANE 883 

extent of reaction. Work is currently under way to investigate the effect of 
temperature in a reactor of modified design. 

Equipment and Procedure 

The reaction system had the following design features: 
( I)  A flow system was used because of the low reaction times. 
(2) A boiling liquid bath (Aroclor 1254*) was used to maintain a constant 

ambient temperati~re around the reactor. 
(3) Gas flow was in the turbulent region (Reynolds numbers ranging from 

2500 to 8000) to minimize concentration and teillperature gradients in a 
direction perpendicular to flow and to give reasonably high heat transfer 
coefficients from the reactant gas to the reactor wall. 

(4) A direct water quench effectively stopped the reaction. 
A schematic diagram of the equipment is shown in Fig. 1. Nitrogen and 

oxygen from con~mercial cylinders, mixed to give the required oxygen con- 
centration, were passed into a gasholder. The mixture was drawn from the 
holder, compressed in a three-stage gas compressor, and storecl in high pres- 
sure cylinders. From here, the mixed nitrogen and oxygen was passed through 
a pressure reduction valve, metered at 300 p.s.i.a., and brought up to reaction 
temperature in an electrically heated preheater which consisted of a 7-ft. 
length of %-in. stainless steel pipe. The  heated nitrogen-oxygen mixture was 
then contacted and mixed with the gaseous n-butane stream and fed into the 
main reactor. The n-butane, as supplied by the Phillips Petroleum Co., was 
specified to be 99y0  pure. The  butane was stored as a liquid in a pressurized 
vessel, metered as a liquid, and vaporized and preheated in a bath of boiling 
Aroclor 1254. The reactor itself consisted of a 24-ft. length of %-in. (nominal) 
type 304 stainless steel pipe (outside diameter 0.540 in. and inside diameter 
0.364 in.), arranged in the form of a helical coil having an inside diameter of 
4 in. The  reactor thus had a surface-to-volume ratio of 132 ft-I. Five thermo- 
couple wells were spaced a t  6-ft. intervals along the coil. The coil was im- 
mersed in a boiling Aroclor bath contained in a 4-ft. section of 6-in. steel 
pipe. The bath was heated electrically by a chrome1 wire winding wrapped 
around the pipe. The condenser for the Aroclor bath consisted of a 3-ft. length 
of 2-in. steel pipe, the outer surface bared to the atmosphere. An internal 
water cooler serving as a "cold finger" and made of %-in. O.D. copper tubing, 
extended downwards inside the pipe. The pressure inside the bath could 
be varied from 5 to 50 p.s.i.a. 

The  off-gases from the reactor were cooled, first quickly by a direct water 
quench, and further by a water-jacketed cooler. The pressure was then 
reduced to nearly atmospheric by an adjustable back pressure valve, and the 
gases were scrubbed in a water absorption tower. The latter consisted of a 
4-ft. length of 3-in. I.D. Pyrex glass, packed with %-in. ceramic Raschig 
rings. The scrubbed gases were measured in a dry test meter and discharged 
to atmosphere. 

*A tn ixbre  of chlorinated diphcrzyl and diphenyl oxide manz~factzired by the &Ionsarzto 
Chemical Co. 
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TABLE 
PARTIAL OXIDATION 

Series I I I 11 

Test A12* A1 A4 A9 A10 A l l  A2 A6 A24 A28 

Variable studied 1 Pressure 1 Reaction time 

Duration of test, min. 57.6 
Bath temperature. OF. 724 
Reaction temperature. O F .  

Inlet 726 
Point 786 

M Point 737 
% Point  730 
Outlet 725 

Reaction pressure, p.s.i.a. 100 
Reaction time, t sec. 3 . 0  
Space velocity, see.-1 0.948  
Feed rate. Ib.~noles/hr. 0.1645 
Feed gas conii,osition. 

mole To n-butane 2 . 8 4  
Oxygen 3.02  
Nitrogen (by diff.) 94.14 

Off-gas rate, c.f.m. (N.T.P.) 0 . 9 8  
Ib.moles/l~r. 0.163 

Off-gas composition. 
mole To 11-butane 2.11 
Unsaturated hydrocarbons 0.44  
Oxygen 1.54  
Carbon monoxide 0 . 7 0  
Carbon dioxide 0 . 6 4  
Nitrogen (by d 8 . )  94.57 

Fraction oxygen reacted 0.494 
Carbon balance (ratio carbon 

out  to carbon in) 1.05 
Hydrogen balances (ratio hy- 

drogen ou t  t o  hydrogen n) 0 94 
.- 

* T h i s  lest i s  common to all series. 
tBased  u p o n  ideal gas volu?rre of feed gas. 
$Amozcnt of reaction small; material bala?zces not  made. 
$Water  produced i s  calculated fr0.m oxygen balance. 

Reaction times were determined from the measured flour rates of the 
nitrogen-oxygen and the n-butane streams. T h e  butane flow was determined 
by observing the change in butane liquid level over a tinled interval in a 
calibrated Jerguson sight gauge used as  a storage vessel. An independent 
check of the total flow was obtained by a d ry  test meter. 

The  boiling point of Aroclor, and hence the bath or ambient reaction 
temperature, was adjusted by varying the pressure exerted on the bath. 
In  the present series of runs, the bath temperature was maintained a t  approxi- 
mately 725°F. The  heat input (supplied electrically) to the nitrogen-oxygen 
preheatel- was adjusted so that the initiation temperature (measured a t  a 
point just inside the reactor and several inches from the junction of the 
nitrogen-oxygen and butane gas streams) was the same as the bath temper- 
ature. The  temperature gradient immediately following reaction initiation 
was dependent on the extent of reaction and on the heat transfer character- 
istics of the reactor, and could not be controlled independently. Temperatures 
were measured a t  five points along the reactor using chroinel-alumel thern~o-  
couples and a recording multipoint potentiometer. 

A continuous sample was taken of the gases leaving the scrubber and 
analyzed afterwards with a precision Orsat apparatus to an accuracy of about 
0.02 mole yo. As a further check, three or four spot samples were taken during 
the course of a run and analyzed immediately for oxygen, carbon monoxide, 
carbon dioxide, and unsaturated hydrocarbons. The  total hydrocarbon content 
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QUOA' ET AL. :  I'APOR PHASE OF 71-BUT.4NE 

of the "off-gases" was determined by the coinplete oxidation of a measured 
volume over a promoted copper oxide catalyst (6). The carbon dioxide 
formed was absorbed in a 2 N potassium hydroxide solution and the latter 
back-titrated with N/10 hydrochloric acid; methyl orange was used for the 
first end point, and a mixed indicator of cresol red and thymol blue for the 
final end point. 

The aqueous solutions containing the oxygenated organic con~pounds 
were sent to the Consolidated Engineering Corporation, Pasadena, Cali- 
fornia, and analyzed with a mass spectrometer. Detection of all the major 
components is claimed to be positive but the accuracy of the analysis is 
limited owing to the high degree of dilution. The total organic concentration 
in most of the tests was of the order of 1 mole Ojo Mass transfer calculations 
indicated that the absorption of all the organic vapors was nearly quantitative 
with the possible exception of acetaldehyde. As a further check, an aliquot 
portion of the scrubbed gases was passed through a solution of 2,4-dinitro- 
phenylhydrazine. The precipitate formed was a measure of the aldehyde 
content of the gas (2). 

I I11 IV V I 
A22 A15 A21 A17 Al(i  A26 A3 A7 A27 

RESULTS 

Oxrsen concentration 

74.6 52.4 70.9 
713 733 712 

The experimental results of a total of 19 tests, which permitted material 
balances to be established, are presented in Table I and Figs. 2 to 6. The  data  
are grouped in five series, reflecting the different variables studied (pressure, 

11-Butane concentration 

50.1 41.0 72.7 
730 727 725 

Total reactant corlcerltratiorl 

30.4 41.8 73.7 
727 727 725 
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Q V O N  ET AL.: V A P O R  PHASE O F  rr-BUTANE 89 1 

reaction time, and inlet gas composition). A "control" test was carried out 
a t  a pressure of 100 p.s.i.a., a reaction time of 3.0 sec., and a gas inlet com- 
position of 3 inole % butane, 3 inole % oxygen, and 94 inole yo nitrogen. 

Figs. 2 to 6 show the effect of each variable on the yields of the various 
products. Yield data are presented in several ways. The actual experimental 
data showing individual products yields per unit mole of butane feed are 
given in Figs. 2a to 6a. The smoothed curves then formed the basis of calcu- 
lation for the over-a11 product yields in terms of both the butane feed and the 
butane converted. The latter are shown in Figs. 2b to 6b and Figs. 2c to 66, 
respectively. 

Effect oj' Pressz~re 

Six tests (Series I in Table I) were carried out a t  pressures ranging from 50 
to 175 p.s.i.a. (in 25 p.s.i. intervals). At 50 p.s.i.a., there was no evidence of 
reaction. As the pressure was increased, the over-all fractional conversio~l 
(shown in Fig. 2b) increased rapidly up to a pressure of about 125 p.s.i.a., 
and then more slowly up to a pressure of 175 p.s.i.a. The fractional conversion 
to useful products exhibited a maximum (somewhat diffuse) a t  a pressure of 
125 p.s.i.a. In fact, as shown by Fig. 2a, all of the individual oxygenated 
organic products showed a maximum yield a t  about this pressure. No definite 
effect of pressure on the distribution of these organic products was indicated, 
but pressures above 125 p.s.i.a. tended to favor the formation of carbon 
oxides. This is clearly shown on the reaction selectivity curves in Fig. 2c. 
As a result, the useful products curve goes through a marked maximum a t  a 
pressure of 125 p.s.i.a. 

The increasing severity of the reaction as the pressure is raised is also 
shown clearly by the increase in the fractional consumption of oxygen. Table 
I shows that a t  100 p.s.i.a. only 49.4% of the original oxygen had reacted. 
At 150 p.s.i.a. this had risen to 92.0%, and a t  175 p.s.i.a. to 98.3%. I t  is 
evident that higher pressures would lead to complete exhaustion of the 
oxygen. 

Increasing the total pressure means proportionate increases in the individual 
reactant partial pressures, and the data could have been analyzed on a reactant 
partial pressure basis. However, comparison of individual tests in this series 
with other tests having similar reactant partial pressures but different total 
pressures (for example tests A10 and A7) showed a wide difference in the 
product yields. Consequently, total pressure was used as the correlating 
variable. 

Effect of Reaction Time 

The effect of reaction time is shown in the tests of Series 11. The times were 
varied from 0.8 to 4.5 sec. while all other variables were held constant. 
Below a residence time of 1.0 sec., little or no reaction was observed. However, 
increasing the reaction time to 1.5 sec. brought a rapid increase in the amount 
of reaction (Fig. 3b). After about 2.0 sec., further increases in reaction time 
caused little further increase in reaction. This was surprising since the exit 
gas stream in all cases contained over 1 mole Ojo oxygen. The  explanation 
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may be that after the oxygen content has been reduced below a certain 
critical value in the first part of the reactor, no further oxidation can occur 
(for a given temperature and pressure). Under the conditions of pressure, 
temperature, and butane concentration employed in this series of runs, this 
value appeared to be between 1.0 and 1.5 mole yo. 

I t  is difficult to draw any definite conclusions from the individual product 
curves in Fig. 3a. Methanol and acetaldehyde appear to be formed in the 
early part of the reaction but the evidence is not conclusive. 

Fig. 3c shows that the optimum reaction selectivity occurs with the shorter 
contact times (1.0 to 1.5 sec.) and there is a sharp drop in the fraction of 
useful products as the reaction time is increased. This is logical since longer 
reaction times provide more time for secondary oxidations to occur. 

The reactor temperature profiles (Table I )  show clearly that the reaction 
temperature peak moved further from the reactor inlet as the residence time 
was decreased. On a time basis, however, the interval between the instant 
when the reactant streams contacted each other and the temperature pealc 
remained substantially constant. The presence of an induction period of from 
0.5 to 1.0 sec. is indicated. 

With the present reaction system, the reaction time was varied by changing 
the gas velocity through the reactor. Higher mass velocities meant higher 
heat transfer coefficients from gas to reactor wall resulting in a greater ability 
to dissipate the heat of reaction, and tended toward a more nearly isothermal 
reaction and lower reactor temperature peaks. This may well have been one 
of the main reasons for the high yields of useful products a t  short contact 
times, -~vhich corresponded to high mass velocities. 

E F F E C T  O F  I N L E T  GAS COMPOSITION 

(I) Oxygen Concentration 
In the tests of Series 111, the inlet oxygen concentration was varied from 

1.5 to 6.0 mole yo while the inlet butane concentration and other variables 
were held constant. Although the data were more scattered for this series 
of runs than for any other, some trends were evident. 

At an inlet oxygen concentration of 1.5 mole yo, very little reaction oc- 
curred (Fig. 4b). This appears to be the lower limit of oxygen concentration 
necessary to  initiate the reaction. The over-all conversion increased sharply 
as the inlet oxygen concentration was raised to 3.0 mole yo, then started to 
level off (and even decrease) a t  oxygen concentrations above 4.5 mole yo.. 
While Fig. 4b shows that the yield of oxygenated organic compounds passed 
through a maximum a t  an inlet oxygen concentration of 4.5 mole yo, no 
great significance should be attached to this owing to uncertainties in t h e  
analysis of the liquid products. 

The optimum reaction selectivity also occurred a t  this oxygen concentration 
(Fig. 4c). 

These results are consistent with Egloff's findings (4) that. excess oxygen 
tends to inhibit the reaction and to lead to lower yields of intermediate 
oxygenated compounds. 
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QUON E T  AL.: VAPOR PHASE OF IL-BUTANE 893 

(2) Butane Co.ncentration 

In the tests of Series IV, the effect of inlet n-butane concentration over 
the range of 1.5 to 6.0 mole yo was studied. Definite signs of reaction were 
noted with butane concentrations as low as 1.5 mole %. Fig. 5b shows that 
the fractional conversion of the butane feed passed through a maximum a t  
an inlet butane concentration of about 2.5 mole yo. However, the total amount 
of reaction (based upon a unit mass of feed) continued to increase up to an 
inlet butane concentration of about 4.5 mole %. The optimum reaction 
selectivity (Fig. 56) occurred a t  an inlet butane concentration of 4.5 mole yo. 
I t  is interesting to  note that as the inlet butane concentration is increased 
the fraction of the total butane reacted which was converted to unsaturated 
hydrocarbons increased sharply. 

(3) Total Reactant Concentration 

In the tests of Series V, a one-to-one butane-to-oxygen molal ratio was 
maintained, but the concentration of each component was varied from 1.5 
to  6.0 mole yo. The results are consistent with those obtained for Series 111 
and Series IV. In Series 111, with a constant butane inlet concentration of 
3.0 mole yo, the optimum useful products yield was a t  an oxygen inlet con- 
centration of 4.5 mole yo; similarly in Series IV, with a constant inlet oxygen 
concentration of 3.0 mole yo the optimum yield was a t  a butane concentration 
of 4.5 mole yo. I t  might be expected that with inlet oxygen and butane con- 
centrations both a t  4.5 mole yo the yields would be even higher. This is indeed 
the case. The "useful products" curve showed a sharp maximum a t  a con- 
centration of 4.5 mole yo for both n-butane and oxygen in the fractional 
conversion curves (Fig. 6b) as well as in the reaction selectivity curves (Fig. 66). 
The detrimental effect of high oxygen concentrations-leading to high yields 
of carbon dioxide and carbon monoxide a t  the expense of intermediate oxygen- 
ated compounds-is again evident when the inlet concentration of oxygen 
exceeds 4.5 mole yo. As might be expected, no reaction occurred when the 
n-butane and oxygen inlet concentrations were both a t  1.5 mole %. 

GENERAL DISCUSSION 

The primary purpose of this phase of the investigation was to define ap- 
proximately the reaction conditions under which the partial oxidation of 
butane would give substantial yields of oxygenated organic products. No 
attempt has been made a t  this time to treat the data  kinetically or to postulate 
a reaction mechanism. However, several distinctive features of the reaction 
have been noted : 

(1) At a temperature of 725"F., using a reactor with a surface-to-volume 
ratio of 132 ft.-l and the reactant gases flowing with a Reynolds number of the 
order of 5000, the optimum conditions are roughly as follows: 

Pressure, 120-140 p.s.i.a. 
Reaction time, 1.2-1.8 sec. 
Inlet gas composition, 4-5 mole yo n-butane, 4-5 mole % oxygen, remainder 

nitrogen. 
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Uncler these conditions, a fractional conversion of over 20% of the origiilal 
carbon to useful oxygenated organic products in one pass might be expected. 
About 50% of the total carbon reacted should go to useful products. 

(2) In all the runs, the reaction followed a characteristic course. After 
the n-butane and oxygen streams had been mixed, the,. remained a t  the bath 
temperature for a definite interval of time (assumed to be the "induction" 
period and estimated to be of the order of 0.5 to 1.0 sec.). From this point, 
the reaction rates increased very sharply and assumed the characteristics 
of a "run-away" reaction. Peak temperatures of 73 or more Fahrenheit 
degrees higher than the bath temperature were observed. bulk of 
the reaction took place over a cornparatively short period of time (less 
than a second). After the reaction peak had passed, the gases once more 
cooled down to the bath temperature. 

(3) Reactor design may have two effects upon the reaction. First, the 
amount of surface may be a factor in determining the course of the reaction- 
for example, in the case of a free radical chain mechanism, the surface may 
act as a chain initiator or chain breaker. Second, the heat transfer character- 
istics of the reactor would unquestionably affect the reaction temperature 
profile, and this would in turn have an important bearing on the over-all 
reaction. With the reactor used, conditions were neither isothermal nor 
adiabatic. I t  would appear to be very difficult to achieve isothermal operation 
unless the reaction were almost completely suppressed. 

The heat transfer coefficient from the outer reactor wall to the liquid 
bath was measured to be of the order of 30 B.t.u./(hr.) (sq. ft.) (OF.). As 
calculated from the Dittus-Boelter equation (5), the corresponding coefficient 
from the reacting gases to the inner reactant wall in these tests should range 
from 12 to 25 B.t.u./(hr.) (sq. ft.) (OF.). These individual coefficients would 
give over-all heat transfer coefficients of 8 to 14 B.t.u./(hr.)(sq. ft.)(OF.). 

Actually, the great bull; of the heat is transferred to the reactor rather than 
absorbed by the reactant gases. In some of the runs, the adiabatic temperature 
rise (calculated from the over-all heats of reaction) would have been as much 
as 400 Fahrenheit degrees. 

(4) Careful control of the oxygen concentration appears to be one of the 
most important factors in directing the reaction towards high yields of oxygen- 
ated organic products. There is a critical oxygen concentration (around 1.5 
mole yo a t  100 p.s.i.a., 725OF., and 3 mole yo 7.1-butane) below which no 
reaction will take place. On the other hand, high oxygen concentrations 
(relatively speaking) favor formation of the inore completely oxidized pro- 
ducts, namely, carbon dioxide and carbon monoxide. 
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THE SYNTHESIS OF UROPORPHYRIN I' 

ABSTRACT 

The analytical proof of H. Fischer's structure for uroporphyrin I has been 
completed, and the structure confirmed by synthesis. 

Uroporphyrin I, an octacarboxylic acid, may be partially decarboxylated 
to coproporphyrin I (11, A = CH3), and oxidized to a carboxylated hematinic 
acid. Synthesis eliminated two of the three possible structures for the latter, 
thus shown to be I. Uroporphyrin I has accordingly been formulated as I1 (8) 
on the assumption that each of the four pyrrole nuclei bore an acetic acid and a 
propionic acid residue. Because the oxidation of uroporphyrin I gave no more 
than two molecules of I ,  the assumption that all four pyrrole nuclei bore the 
same substituents was unproven (cf. (5,6,9)) ; alternative structures such as one 
in which one pyrrole nucleus bore a methyl and a succinic acid residue could 
not be excluded. This uncertainty remained after the synthesis of I by oxidiza- 
tion of a synthetic porphin-tetraacetic acid - tetrapropionic acid mixture (13). 
Although in the porphyrin mixture obtained from porphobilinogen with acid 
(1) all four pyrrole nuclei must have the same substituents, the status of this 
as a mixture of uroporphyrins has not been confirmed by the isolation of 
recognizable uroporpllyrin isomers from it. 

IIIa, R = COOH 
b, R = H 

A = CH2COOH 
P = CH2CHy COOH 

'Manuscript received May, 7, 1954. 
Contribzltion from the Division of Pure Chemistry, National Research Coz~ncil, Ottawa, Canada. 

Issued as 1V.R.C. No. 3348. 
This work was reported at the Summer Semi?tar i n  the Chemistry of Natural Prodz~ds, Uni- 

versity of New Brzlnswick, August, 1953, and i n  a preliminary commzlnication (14). 
2National Research Laboratories Postdoctorate Fellow 1952-1954. 
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This uncertainty in Fischer's structure I1 for uroporphyri~l I has been 
eliminated by Icuhn-Roth determinations. The number of C-methyl groups 
found in the methyl esters were: natural uroporphyrin I ,  0.0; synthetic porphin- 
tetraacetic acid - tetrapropionic acid (mixed isomers (13)), 0.0; synthetic 
coproporphyrin I ,  3.46; 2.93. In addition, ailalytical meso-porphyrin IX  showed 
5.05. The first two results show that the porphyrin nucleus, propionic acid 
residues, and acetic acid residues do not contribute to the C-methyl values. 
The four equivalent methyl groups in coproporphyrin I must then each con- 
tribute 0.8 to the C-methyl groups found in it, and none of these can be present 
in uroporphyrin I ,  which must be 11. 

After seed had been prepared, the ~ ~ r r o m e t h e n e  IV was easily obtained 
crystalline by brominating (cf. (7)) either of the pyrroles IIIa  or IIIb (cf. (13)). 
With methylsuccinic acid a t  118O, the pyrromethene gave porphin-1,3,5,7- 
tetraacetic acid - 2,4,6,8-tetrapropionic acid, 11, isolated as its methyl ester. 
This method had been used in the synthesis of the isomeric 1,3,5,7-tetramethyl- 
porphin-2,4,6,8-tetrasuccinic acid where a moderate temperature was necessary 
to avoid partial decarboxylation (11). Working up such melts has sometimes 
been difficult because highly carboxylated porphyrins may form colloidal 
solutions in water, and are too insoluble in ether for fractionation with hydro- 
chloric acid. I t  was found that colloidal solutions are avoided if  enough water 
is used in dissolving the melt, and the nearly pure porphyrin ester results when 
its chloroform solution is washecl with 50% aqueous resorcinol; lower concen- 
trations are less effective and higher concentrations extract the porphyrin as 
well as  the impurities. 

Neither analysis of the methyl ester nor paper chromatography of the free 
acid with lutidine (15) gave any indication of heptacarboxylic or lower acids 
in the product. In analogous cases, this method of synthesis has given type I 
porphyrins exclusively. Here, the type and purity were confirmed by paper 
chromatography of the ester with kerosene-clioxan (see below) and by partial 
decarboxylation to coproporphyrin I (10). The latter was obtained as its methyl 
ester, identical with an authentic synthetic specimen by the following criteria: 
crystal form, insolubility in ether, visible spectra, melting point and mixed 
melting point, infrared spectra in Nujol mull, and X-ray powder photographs. 

The synthetic porphin-1,3,5,7-tetraacetic acid - 2,4,6,8-tetrapropionic acid 
methyl ester was identical with the purest natural uroporphyrin I methyl ester 
by the following criteria: visible spectra, paper chromatography with kerosene- 
dioxan (2), melting point and mixed melting point, the formation of a crystal- 
line hydrochloride (4), infrared spectra in Nujol mull, and X-ray powder 
photographs. This confirms the structure I1 for uroporphyrin I .  

Now, with the proof of the structure of uroporphyrin I, the mixture of por- 
phin-tetraacetic acid - tetrapropionic acid isomers previously synthesized (13) 
is known to be a mixture of uroporphyrins. 'There was, a t  the time, direct 
evidence for this: X-ray powder photographs and infrared spectra in Nujol 
mull had indicated that the synthetic mixture was identical with an atypical 
uroporphyrin mixture from human urine (12). However, as both samples were 
mixtures, and particularly because the natural mixture might not be found 
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again, their identity was an unsatisfactory proof that the natural uroporphyrins 
were porphin-tetraacetic acid - tetrapropionic acids. 

EXPERIMENTAL 

Melting points are uncorrected unless otherwise specified. Those of the 
porphyrins were determined on a micro hot-stage, heating rapidly a t  first, 
then a t  2'/min. from about 10" below the melting point. The range indicates 
the temperature a t  which sintering began and that a t  which the crystals lay 
in pools of melt. 

6-Bromo-5'-methylpyrromethene-4,5'-diacetic Acid - 3,4'-Dipropionic Acid Hy- 
drobromide, I V 
A suspension of the pyrrole IIIa  (1 gm.) in acetic acid (6 ml.) was warmed 

in a bath a t  40-50°, and bromine in acetic acid (2 ml. containing I gm. bromine) 
added in two portions. After 20 min. the solution was cooled to 25' and seeded. 
Next day the pyrromethene (579 mgm., s ly0) was filtered off and well washed 
with acetic acid, then with ether. I t  formed golden-yellow microscopic plates, 
capillary m.p. ca. 210-215' (decomp.), unchanged by recrystallization from 
acetic acid (60 parts; recovery GO%), stable when kept dry. Found: C, 41.75; 
41.64; H ,  4.23; 3.94; N, 4.84; 4.91; Br, 27.0770. Calc. for CzoH22N208Brz: 
C, 41.54; H ,  3.84; N, 4.85; Br, 27.64%. 

The original seed crystals were obtained by the same method of bromination. 

Porphin-1,3,5,7-tetraacetic Acid - 2,4,6,8-Tetrapropionic Acid, 11 (Uropor- 
phyrin I) Methyl Ester 

The pyrromethene IV (2.5 gm.) and methylsuccinic acid (10 gm.) wereground 
together, dried in vacuo, and kept for six hours while protected from moisture 
in a tube heated with boiling acetic acid. The melt was dissolved in water 
(800 ml.), the solid separated and washed with water (2 X 250 ~nl . )  (centri- 
fuge), dried, and left overnight in saturated methanolic hydrogen chloride 
(125 ml.). This was poured into ice water, extracted with chloroform, and the 
chloroform washed with water. The cl~loroform was filtered through a column 
of alumina (grade IV; 3 X 15 cm.) which was washed with more chloroform as 
long as porphyrin came through. The chloroform was washed with 50% (w/w) 
aqueous resorcinol (6 X 50 ml.), which was in turn washed with a little chloro- 
form. The combined chloroform solutions were washed with water, with dilute 
sodium hydroxide, with water, dried over sodium sulphate, filtered, and the 
chloroform boiled off while hot methanol was added. The porphyrin ester 
(120 mgm., 5.9a/0) m.p. 284-285', which separated was recrystallized thrice 
from chloroform-methanol giving micro needles (115 mgm.), m.p. 285-286.5'. 
A second preparation on a different hot-stage showed m.p. 285-286" (291- 
292' corr.). Found in material dried a t  100' for eight hours a t  5 X mm.: 
C, 61.00; H,  5.85; N, 5.76; OMe, 26.38; C-Me, 0.0%. Calc. for C48H54016N4: 
C, 61.14; H, 5.77; N ,  5.94; OMe, 26.33; C-Me, 0.0%. The halogen content, 
l.6Yo as C1 compared to 0.7% found in natural uroporphyrin I, is presumably 
derived from the solvent. 
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product was compared with the uroporphyrin I methyl ester obtained 
from the urine of a case ("Lev.") of human congenital porphyria by Rimington 
and Miles (16), which has been characterized by its infrared spectrum (3) and 
X-ray powder photograph (12). 

For this natural ester, (m.p. 293" corr. (16)) we found m.p. 284-28G0, mixed 
melting point with the synthetic ester, 284-286". When heated more slowly, 
there was partial or complete darkening of all samples, and the darkened parts 
did not melt below 340". As darkening was noted by  Fischer and Hofmann (6), 
the higher melting point they record (302", 311" corr.) may be spurious. 

When the synthetic ester was dissolved in methanolic hydrogen chloride 
(16 parts, saturated a t  25"), the ester-hydrochloride crystallized after six 
weeks a t  0". 

Coproporphyrin I Methyl Ester from the Synthetic Uroporphyr.in 
The  synthetic uroporphyrin ester (18 mgm.) in 1% hydrochloric acid was 

heated for four hours a t  185-190" in a sealed tube. The porphyrin was precipi- 
tated with sodium acetate, filtered off, and washed with water acidified with 
acetic acid. It was dissolved in pyridine, ethereal diazomethane added, the 
porphyrin ester extracted with hydrochloric acid, and brought into chloroform 
with ammonia. The  chloroform was washed with dilute sodium hydroxide, 
then with water, dried with sodium sulphate, filtered, and the chloroform 
boiled off while hot methanol was added. The  coproporphyrin I methyl ester 
( 6 mgm.) formed needles, some of which were slightly bent, m.p. 251-252O. 
This was combined with a second lot (7.2 mgm. from 19 mgrn. of the synthetic 
uroporphyrin), dissolved in chloroform, filtered through alumina (grade IV), 
crystallized and recrystallized from chloroform-methanol, giving 10.2 mgm., 
m.p. 251-252O (252-253" corr.) alone or mixed with authentic coproporphyrin I 
methyl ester. Found: C, 67.52; H, 6.49%. Calc. for C40H4cOgN4: C, 67.59; 
H, 6.52%. 

Both the free porphyrin and its ester were too insoluble in ether t o  be frac- 
tionated between ether and hydrochloric acid. 

The  authentic coproporphyrin I methyl ester was a synthetic specimen 
(bent needles) obtained from the late Professor Hans Fischer, further purified 
by  filtration of its chloroform solution through alumina, crystallization, and 
recrystallization from ch1oroforn1-methanol. I t  then formed needles, some of 
which were slightly bent, m.p. 251-252". 

ACKNOWLEDGMENT 

The paper chromatography was carried out through the courtesy of Prof. 
C. Rimington, to  whom we are also indebted for a sample of natural uropor- 
phyrin I. We thank Mr. R.  Lauzon for the infrared spectra and Dr. W. H. 
Barnes for the X-ray powder photographs. 

REFERENCES 
1. COOKSON, G. H. and RIMINGTON, C. Nature, 171: 875. 1953. 
2. FALK, J. E. and BENSON, A. Biochem. J. (London), 55: 101. 1953. 
3. FALK, J. E. and WILLIS, J. B. Australian J.  Sci. Research, Ser. A, 4: 579. 1951. 
4. FISCHER, H. Z. physiol. Chem. (Hoppe-Seyler's), 98: 78. 1916. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



5. FISCHER, H., HARTDIANN, P., and RIEDL, H. J. Ann .  494: 246. 1932. 
6. FISCHER, H. and HOFMANN, H. J. Z. physiol. Chem. (Moppe-Scyler's), 246: 15. 1937. 
7. FISCHER, H. and ORTH, H. Chemie des Pyrrols. Band 11, i. Leipzig. 1937. p. 62 ff. 
8. FISCHER, H. and ORTH, H. Chenlie des Pyrrols. Band 11, i. Leipzig. 1937. p. 504 ff. 
9. FISCHER, H. and SIEBERT, R. Ann. 483: 1. 1930. 

10. FISCI~ER, H. and ZERWECIC, W. Z. physiol. Chern. (Hoppe-Seyler's), 137: 242. 1924. 
11. FISCHER, H. and ZISCHLER, M. Z. physiol. Chem. (Hoppe-Seyler's), 245: 123. 1937. 
12. KENNARD, 0. and RIMINGTON, C. Biochem. J. (London). 55: 105. 1953. 
13. MACDONALD, S. F. J. Chem. Soc. 4184. 1952. 
14. MACDONALD, S. F. and STBDMAN, R. J. J .  Am. Chem. Soc. 75: 3010. 1953. 
15. NICHOLAS, R. E. H. and R I M I ~ G T O N ,  C. Scand. J. Clin & Lab. Invest 1: 12. 1949. 
16. RIMINGTON, C. and MILES, P. A. Biochem. J. (London), 50: 202. 1951. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DIPHENYLCYANAMIDE DERIVATIVES 
11. 4,4'-DIMETHOXYDIPHENYLCYANAMIDEL 

ABSTL'; ACT 

The  synthesis of 4,4'-dimethoxydiphe~~ylc~anamide has been accomplished 
b y  t reatment of 4,1 '-dimetl ioxydiphe~~yIa~ni~~e with cyanogen chloride or alter- 
natively by rernoval of the elements of water from N,N-bis(4-methosyphenyl)~1rea. 
These reactions lnay be reversed by hydrolysis of the  cyanamide with alcoholic 
or aqueous alltali, respectively. This nitrogen analogue of methoxychlor exhibits 
a very slight toxic effect on mosquito larvae (Aedes  ae,oypti (L.)) .  

DISCUSSION 

Paralleling an earlier report of a nitrogen analogue of D D T  (2),  the present 
c o m n ~ ~ ~ n i c a t i o n  describes the synthesis of 4,4'-dimetl1oxydipl1e11ylcyanamide 
(.I, Fig. 1) which is similarly analogous to the insecticide ~nethoxychlor 
( l , l ,  l-tricl1loro-2,2-bis(~-1nethoxyphenyl)ethane). The material was prepared 
from 4,4'-dinietl1oxydipl1enyla1nine (11) by treatment with cyanogen chloride 
a t  approximately five atmospheres pressure. The  limitations inherent in the 
type of pressure-vessel used led to  a low yield (43%) since the  reaction was 
necessarily run a t  a temperature below tha t  of the melting-point of the  amine. 
This I-esulted in a system of three phases which could not be adequately mixed. 

A seconcl n~etllocl of synthesis involved the  intermediate compound N,N- 
bis(4-met11oxyphe11yl)urea (111) which was obtained by the addition of cyanic 
acid to  4,4'-dimethoxydiphenylamine (11). A pyricline solution of this substi- 
tuted urea was treated with benzenesulphonyl cl~loride, after the method of 
Kurzer ( I ) ,  resulting in a '73% yield of 4,4'-climethoxpdiphenylcyanamide. 

The extent of the alkaline hydrolysis of the  substituted cyanamide may be 
controllecl by choice of hydrolyzing medium. In 10yo aq~lueous sodium hydroxide 
the reaction proceeds only as far a s  the carba~nide stage (111), whereas the use 
of saturated rnethanolic potassiu~n hydroxide results in a complete degrada- 
tion t o  4,4'-dimetl~oxydiphenyla~nine (11), presu~nably through the unstable 
carbamic acid. 
4,4'-Dimethoxydiphenylcyanan~ide is a very weak base; i t  forms an unstable 

hydrochloride salt which decomposes im~nediately on moistening or warming, 
and within a few hours on standing a t  room temperature in a desiccator. In 
this respect it closely resembles diphenylcyanamide but  is a much weaker base 
than cliphenylarni~le or 4,4'-dimetl~oxycliphenylamine, both of which form stable 
(dry) l~ydrochlorides. 

'Manz~scr ip t  received J z ~ n e  2, 1954. 
Contribution from the Departnzent of Chenzistry, Un i .~ers i t y  of Western Ontario, London,  

Ontario. 
2Holder of a C.I.L. Fellowship 1950-52. Present address: Science Service Laboratory, Canada 

Department of Agriczclture, University S u b  Post Ofice, London,  Ontario. 
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I 
N-CN 

OCHS OCH 3 

I I 

I Alc. KOH I '3 4 
\/ 

I 
OCHJ 

I 
OCH, 

FIG. 1. The synthesis and hydrolysis of 4,4'-dimetho~ydiphen~lcyanan~ide and N,N- 
bis(4-methoxypheny1)~trea. 

TOXICOLOGY* 

The larvae of mosquitos, Aedes aegyptd (L.), were used to compare the toxic 
effect of the cyanamide (I) with that of methoxycl~lor, DDT,  and D D C  
(chemical names are given in Table I). Solutions ranging in concentration from 
0.0012 to 2.5 p.p.m. were made up by first dissolving the materials in acetone 
and then diluting them with water to give the desired concentrations. Twenty 

"he toxicological data were determined by Dr. R. W .  Fisher, Division of Entomology, Science 
Service Laboratory, London, Ontario. 
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RORINSON:  D I P I I R N Y L C Y A  N A M I D E  903 

larvae (second instar) were placed in each solution. Acetone-water controls 
were used, and each test solution was duplicated. The dead larvae were 
counted after a 24-hr. exposure. The  results, shown in Table I ,  indicate the 
lethal concentrations of both cyananlicle derivatives to be of the same order of 
magnitude, naillely about one hundred times tha t  of methoxychlor, and illore 
than one hundred tinles that of DDT. 

TABLE I 
A COMPARISON OF THE TOXIC EFFECTS OF METHOXYCHLOR, DDT, DDC, AND 4,4'-DIMETHOXY- 

DIPIILNYLCYANAMIDE ON MOSQUITO L.ARVAE 

, 

Methoxychlor 
(l , l ,  1-trichloro-2,2-bis(p- 

- - - - 100 95 45 20 0 0 

Materials tested 
yo ]:ill at various co~lcentratio~ls (p.p.m.) 

2.5 1.25 0.625 0.312 0.156 0.025 0.012 O.OOG 0.003 0.0012 

DDC 
(4,4'-dichlorodiphenyl- 
cyanamide) 

EXPERIMENTAL* 

N,N-bis(4- MeLlzoxypAenyl) urea 

A solution of 4,4'-dimethoxydiphenylamine (22.9 gm., 0.1 mole) in 175 ml. 
of glacial acetic acid was treated with 10 gm. of potassiunl cyanate each day 
for five days. A total of 50 gm. (0.62 mole) of cyanate was thus aclclecl. T h e  
brown slurry was left standing for an additional two days, and then was poured 
into a solution of 100 gm. of sodium hydroxide in 500 ml. of water, and the 
resulting suspension was refluxed gently for two hours. After the suspension 
was cooled the solid inaterial was filtered off and washed with cold water until 
free of alkali. I t  was then leached 12 times with 500 ml. portions of 
boiling water. Adsorbent charcoal was used, and after rapid filtratioil of each 
boiling suspension, pink, hair-like crystals appeared in the filtrate. When cold, 
the solid material fr-om the 12 filtrates was combined, washed, and dried a t  
105'C. Recrystallization from ethyl acetate (using charcoal) produced 9.5 gm. 
(36%) of fine, colorless needles, melting a t  188'-189'. Anal. calc. for 
CI6HIGN203: C, 66.16; H, 5.92; N, 10.29%. Found: C ,  66.02; H, 5.99; N,  9.79%. 

1 0 0 7 0  0 0 O - -  

4,4'-din~ethoxydiphen~l- 
cyanamide 

I3ydrolysis of N,N-bis(4-Methoxypheny1)urea 

A solution of N,N-bis(4-methoxypheny1)urea (4.8 gm., 0.018 mole) in 100 ml. 
of saturated methanolic potassium hydroxide was refluxed vigorously for 36 hr. 

70 40 5 0 o - - - - -  

*Al l  vtelting points h o e  been corrected against reliable slandards. Combustion analyses were b y  
Dr. Robert Dietrich, Gartenstrasse 14, Zzirich, Switzerland. 
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A white precipitate was filtered off and identified as potassium carbonate. As 
the filtrate cooled, large, lustrous plates of 4,4f-di~netho.uyciiphen4'1i1~~1i~1e 
precipitated from solution. After crystallization from petroleunl ether (65"- 
110") the product weighed 1.6 gm. (40%) and melted a t  103'. No depression 
of the melting point was observed when  nixed with an authentic sample. 

4,df-Dimethoxyd.iphenylcyanamide 

(a) From N,N-his($-Methoxypheny1)urea 
A solution of 7.5 gm. (0.027 mole) of N,N-bis(4-methoxyphenyl)urea in 

125 ml. of pyridine was treated with 10 ml. (0.08 mole) of benzenesulphonyl 
chloride and heated for three hours on a boiling water batll.. After cooling, the 
solution was poured into ice water with vigorous stirring. The solid material 
was filtered off, washed with cold water till acid-free, then dried in a desiccator. 
Crystallization from petroleum ether (65'-110') yielded 5 gm. (73%) of pearly 
plates, melting a t  96"-97". Anal. calc. for C15H14N202: C, 70.85; H, 5.55; N, 
11.02%. Found: C, 70.66; H, 5.50; N,  11.09%. 

(b) Frorn 4,$'-Dimethoxydiphenylami7ze 

4,4'-Dimetl~oxydiphenylan~ine (22.9 gm., 0.1 mole) was placed in a 30 oz. 
ginger ale bottle and cooled by immersion of the bottle in an ice water bath. 
Cyanogen chloride (5.7 ml., 0.1 mole) was added and the bottle was sealed with 
a standard metal cap. The reaction vessel was placed inside a steel-jacl~eted 
water bath and the bath was heated slowly to 60°C., maintained a t  that  tem- 
perature for six hours, and then left standing overnight to  cool. The black, 
tarry residue was leached three times with boiling petroleunl ether (65°-1100) 
yielding a total of 5.5 gm. (43%) of pearly plates melting a t  96'-97'. Admix- 
ture with an analytical sample of the material produced by method (a) did 
not depress the melting point. 

$,/tf-Dimethoxydiphenylcyanamide Hydrochloride 

An ethereal solution of 1.0 gm. (0.0039 mole) of the cyanamide was dried 
over anhydrous sodium sulphate for three days. After the drying agent was 
filtered off, the solution was saturated with dry hydrogen chloride and left 
standing a t  room temperature for three days, during which time the hydro- 
chloride crystallized from the solution. The theoretical yield of 1.1 gm. of the 
salt was collected by filtration and dried in a desiccator over potassiun~ hy- 
droxide pellets. The colorless crystals were observed to decompose with evolu- 
tion of gas a t  115°-1170, and when moistened with water, a sample of the 
material was immediately converted to the free cyanamide. The remainder of 
the material was left standing over calcium chloride for six days, and was found 
to have completely reverted to 4,4f-dimethoxydiphenylcyanan~ide( 0.9 gm., 
melting a t  96'-97'). 

Diphenylcyanamide Hydrochloride 

Treated in the manner described for the methoxy analogue, 1.0 gm. (0.005 
mole) of diphenylcyanamide produced 0.9 gm. (78%) of hydrochloride salt, 
which deconlposed sharply a t  110'. On treatment with water, a sample of the 
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material im~nediately hydrolyzed to diphenylcyanamide, melting a t  73". 
After standing over calciun~ chloride for seven days a t  room temperatul-e, the 
remainder of the material had I-everted to diphenylcyanamide. 

4,4'-Dimetlzoxydip7ze?zylamilze Ilydrochloride 

A dry ether solution of 4,4'-dimethoxydiphenylami~~e (1.0 gm. in 50 1n1. of 
ether) was treater1 with dry hydrogen chloride until precipitation uccurred. 
The product, 1.0 gm. (94%) of long, colorless needles, was quite stable when 
kept in a dry atmosphere, but it immediately reverted to the free amine on 
being moistened with water-. The material deco~nposed a t  140'-150° with 
evolution of gas. 

IIydrolysis of 4,4'-Dimethozydzplrenylcyn~zn~~?ide 

(a) In  Aqz~eoz~s S o d i z ~ m  Hydroxide 

A suspension of 5.5 gm. (0.02 mole) ol  i,4'-di1nethoxydiphe11ylcyana1nide in 
200 ml. of 10yo aqueous sodiunl hydroxide was reflused vigoro~~sly for eight 
hours, during which time the suspended material changed from an oil to a solid. 
The product was filtered off, washed free of alkali, dried, and crystallized from 
ethyl acetate, yielding 4.1 gm. (6870) of fine, colorless needles, melting a t  
188"-189". Ad~nixture with an  authentic sample of N,N-bis(4-methoxyphenyl) 
urea did not depress the melting point. 

(b) In  Alcolzolic Potassiz~m IIydroxide 
A solution of 4,4'-drmethoxydiphen~rlcyanamide (1.27 gm., 0.005 mole) 

in 34 ml. of saturated rnethanolic potassium hydroxide was reflused vigorously 
for 72 hr. Large crystals precipitated when the solrrtion was cooled to room 
temperature. After the product was filtered off and dried, it weighed 1.1 gm., 
and its crystallization from methanol yielded 1.0 gm. (87y0) of 4,4'-dimethoxy- 
diphenylan~ine, melting 102°-1030. The 111elting point was not depressed on 
admixture with an authentic sample. Potassium carbonate was identified in 
the reaction residue. 
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FREE RADICAL MECHANISMS IN THE MERCURY PHOTO- 
SENSITIZED REACTION OF HYDROGEN WITH ACETYLENE' 

ABSTRACT 

The Hg(JPI) photosensitized reaction of hydrogen with acetylene has been 
investigated with particular emphasis being placed on the identification of 
products and their dependence on hydrogen pressure. The results have been 
interpreted in  tertns of a number of elementary reactions in  which vinyl and 
ethyl radicals play an important part. 

INTRODUCTION 

Although the reaction of H atoms with acetylene has been the subject of a 
number of investigations, no colnpletely adequate mechanism has been 
proposed to explain the results obtained under different conditions. With the  
high H atom concentrations used in the discharge tube method acetylene 
appeared to act simply as a catalyst for atom recombination (3, 27, 8). 
However, Geib and Steacie (9) found that when D atoms were used the 
acetylene was rapidly exchanged. They suggested that the catalytic effect 
could be explained in terms of one of the follo~ving mechanisms: 

A 
J H+CzHz=CzH3, [I1 
\ H + C Z H ~ = C ? H Z + H Z ,  121 
( H+CzHz=CzH+Hz, [31 
\ H+C?H =C2Hz. [4] 

The catalytic effect was confirmed by Tollefson and Le Roy (24) and by 
Dingle and Le Roy (6). These workers used the hot filament method for 
producing H atoms and total pressures of the order of 5 mm. The latter, 
using an improved technique, found the steric factor and activation energy 
of the rate controlling step, [I]  or [3], to be 4X10a4 and 1.5 ltcal. per mole, 
respective1 y. 

Le Roy and Steacie (18) used the method of mercury pl~otosensitization t o  
produce H atoms in the presence of acetylene and found that appreciable 
quantities of ethane, ethylene, and butane were formed, as well as the polymer 
which had been observed by others. 

The wide difference in the nature of the results obtained by the discharge 
tube and hot filament methods on the one hand and photosellsitization on the 
other undoubtedly arises because of the very great differences in the relative 
concentrations of H atoms, H Z  molecules, and perhaps certain radicals. Any 
reasonable mechanism for the fornlation of the gaseous products of the 
photosensitization experiments would seem to require the existence of vinyl 
radicals, regardless of whether the primary reaction is [I] or [3]. 

In comparison with the saturated alkyl radicals, very little is known about 
the reactions of free vinyl radicals; the present reinvestigation of the mercury 

'Manarscript received M a y  17, 1954. 
Contribaltion front the Department of Chemistry, University of Toronto, Toronto, Ot~tario. 

2Present address: S t .  Basil's Seminary, Toronto, Ontario. 
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photosensitized hydrogenation of acetylene was undertaken with the view of 
obtaining more information about their behavior. A considerable amount of 
emphasis has been placed on the identification of products and their depen- 
dence on conditions, particularly on hydrogen pressure. 111 the light of the 
present and earlier results a number of free radical reactions have been pro- 
posed which will serve as bases for future investigations. 

Most of the experiments were carried out a t  room temperature. A few 
results will be given for 300°C., and a few for experiments in which quenching 
was entirely by acetylene rather than by hydrogen. 

EXPERIMENTAL 

A .  Apparatus 
The reaction was studied in a circulating system which included the usual 

quartz cell illuminated by a low pressure mercury arc with rare gas carrier. 
For most of the experiments the system included a buffer volume and had a 
total volume of 2695 cm3. The use of the buffer volume made it possible to 
obtain relatively large amounts of products without carrying the reaction too 
far in terms of the fraction of acetylene consumed. Pressure measurements 
were made with a differential mercury manometer having a multiplication 
ratio of approximately ten. 

B. Reagents 
Commercial electrolytic hydrogen was purified by passage over platinized 

asbestos a t  500°C. and then through silica gel a t  the temperature of liquid 
air. 

Tank acetylene was purified by a combination of the methods suggested by 
Klemenc (14) and Farkas and Melville (7), dried over Anhydrone, and 
subjected to a number of trap-to-trap distillations. Two impurities remained 
after this treatment. The first, ethane, was present to the extent of approxi- 
mately 0.1270. This was reduced by low temperature fractionation (16) 
until it could no longer be detected by vapor pressure measurements or by its 
infrared spectrum; it is estimated that not more than about one part in 10" 
remained. 

The second impurity in the acetylene was not identified, although its 
infrared spectrum was obtained by comparing 200 mm. of purified acetylene 
from a head-cut with an equal pressure from a tail-cut. The concentration of 
the impurity was somewhat greater in the tail-cut, suggesting that it contained 
three or four carbon atoms in the molecule. The spectrum showed that it 
was not propyne, propylene, any of the butenes, butadienes or butynes, 
vinyl acetylene, diacetylene, 2-methyl-1-butene-3-yne, isoprene or any of the 
impurities likely to be present in acetylene prepared from calcium carbide (7) 
such as acetone, formaldehyde, ammonia, or carbon dioxide. The C--H 
stretching frequency a t  3.3 p was relatively weak and displaced from that for 
paraffins and olefins, which suggested that it was an unsaturated cyclic 
hydrocarbon, possibly 1,3-cyclobutadiene. Unfortunately neither this 
material nor its spectrum were available for comparison, but the spectrum 
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of the impurity showed some similarity to  tha t  of 1,3-cyclopentadiene, and 
the material was shown to react with the olefin reagent (22). More than 40 
maxima in the spectrum were observed, but will not be reported here. I t  was 
shown during the experiments that the material was neither produced nor 
consumed during the reaction. 

C. Products 

Thc products included a no~~volat i le  polymer as well as ethylene, ethane, 
n-butane, 1,3-butadiene, butene-1, benzene, and a mixture of hydrocarbons 
principally of carbon number six; the latter included a t  least two conjugated 
dienes, of which one was 1,3-hexadiene. The gas which was not condensable 
in liquid air was tested for methane by diffusion through palladium (16); 
methane was only found in the high temperature experiments, and under t h e  
same conditions propane and propylene were also found. 

At  the end of an experiment the hydrogen was punlped off a t  the tempel-a- 
ture of l i q ~ ~ i d  air. The  condensable gas was then fractionated by low tempera- 
ture distillation (16). I t  was possible t o  separate the Cr products into an 
ethylene-rich and an  acetylene-rich fraction. The  latter was shown by infrared 
analysis to  contain no ethane or ethylene; the former was analyzed for acetyl- 
ene (2) and ethylene (22) by che~nical means, and the residue was taken to 
be ethane. The  n-butane was readily identified by its vapor pressure, infrared 
spectrum, and its nonreactivity to the olefin reagent (22). 

Although the 1,3-butadiene and the butene-1 were present in relativell- 
small amounts they were easily identified by their spectra. The characteristic 
bands of the former were removed on treatment of the fraction with molten 
maleic anhydride. 

Benzene constituted the major portion of all volatile products having 
vapor pressures less than that  of butane. More than a dozen of its characteristic 
infrared absorption frequencies were observed. Low temperature distillation 
showed that  the bulk of the remaining volatile products had vapor pressures 
of the order of that  of benzene and therefore probably had carbon numbers 
of approximately six. The  infrared bands characteristic of unsaturation, 
particularly in the 11 p region, were very broad, which suggested a multiplicity 
of products. I t  was concluded that  most of this fraction was made up of 
benzene and conjugated dienes, since after treatment with molten maleic 
anhydride absorption in the regions characteristic of unsaturation was reduced 
to a small fraction of its original value. This decrease was not the result of 
loss of product, for the optical densities of the benzene bands remained 
unchanged. 

Comparison of the spectrum of the Cs fraction with tha t  of a mixt~ire of 
cis- and trans-1,3-hexadiene showed that a t  least one of the isomers was 
present. The  fraction also showed strong absorption in the region of the two 
strongest bands of 2,4-hexadiene (the reference sample contained unknown 
proportions of the three isomers), but  the minima were too ill-defined to  make 
the identification conclusive. The  spectrum was also not inconsistent with t he  
presence of 1,3,5-hexatriene, although positive identification was not possible. 
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No evidence was found for any c).clic unsaturated compound, other than 
benzene. 

The major product, which accounted for approximately 70% of the acetylene 
consumed a t  room temperature, was the polymer. Only the polymer formed 
a t  room temperature in the presence of hydrogen was studied. Its einpirical 
formula was calculated from the observed pressure drop, the pressure of 
acetylene consumed, and the composition and pressure of the gaseous products; 
the average value was (C2H3.4~)~~. 

Some idea of the structure of the polymer was obtained froin its infrared 
spectrum. Translucent particles of the material were removed from the cell 
by shaking with ether and were placed between two rock salt plates; although 
the loss of light was quite high, sufficient was transinitted to  obtain 15 minima 
in the spectrum. By using the correlations of McMurray and Thornton (19) 
a rough estimate of the structure was obtained. Frorn the relative intensities 
of the bands corresponding to terminal unsaturation (10.94 to  11.02 p) and to  
trans unsaturation (10.26 to  10.37 p) it was concluded that  the polymer 
must contain considerably more of the latter. Also the intensity of the bands 
a t  6.89 and 7.24 p, which are characteristic of paraffinic structure, suggested 
a predominance of meth ylene linkages over unsaturated groups; this was 
substantiated by the considerable intensity of the C-H stretching band a t  
3.38 p relative to the intensity of the unsaturation bands. The  fact tha t  
terminal unsaturation was discernible a t  all was talten to  mean that  the ratio 
of internal to terminal carbon atoms cannot be excessive. I t  was concluded 
that if  the average polymer unit contains one terminal double bond then it 
also contains about three internal double bonds and perhaps nine or more 
single bonds. The  empirical formula given above is in agreement with this 
estimate. The  molecular weight would then be of the order of 200. However, 
if units of this magnitude were cross linked to  other similar units the molecular 
weight might be many times this. The  highly insoluble nature of the polymer 
suggests tha t  this 1naq7 be the case. 

QUANTITATIVE RESULTS AND DISCUSSION 

A .  The Primary Reaction 

Geib and Steacie (9) suggested two possible primary steps for the reaction 
of atomic hydrogen with acetylene, reactions [I] and [3]. Since exchange is the 
predominant process a t  high values of (H)/(H?) it was not possible to  decide 
which of these two reactions actually occurs. However, the following evidence 
obtained in the present investigation suggests that  [I] is the primary reaction: 
(a) no gaseous products containing triple bonds could be detected; these would 
result from the combination of ethynyl radicals with themselves or with 
other radicals, (b) the spectrum of the polymer showed no bands in the region 
2200 to  2260 cm.-I characteristic of asymmetric triple bonds, (c) by far t h e  
larger proportion of ethylene is formed by a process which is independent of 
hydrogen pressure (Fig. 2), which would not be the case if vinyl radicals, 
which are undoubtedly the precursors of ethylene, were formed b y  the  
reaction 
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I t  will therefore be assumed that [I] is the primary reaction. 

B. The Reaction at Room Temperature 
The results of a series of experiments for which constant initial pressures of 

acetylene and hydrogen were used but which were allowed to proceed for various 
periods of time are shown in Fig. I .  Because of the accumulation of polymer 
on the cell window the pressure drop, rather than the time, is taken to be a 

measure of the extent of reaction. I t  is seen that  ethane increases linearly 
and butane a t  a continuously increasing rate, while ethylene reaches a maxi- 
mum concentration a t  which, presumably, its rate of formation is equal to  
its rate of consumption. The last observation confirms the results of Le Roy 
and Steacie (18). The  maximum is reached when there is still considerably 
more acetylene than ethylene in the system, which is in agreement with the 
fact that the rate of attack of H atoms on acetylene (6) is considerably slower 
than on ethylene (4, 20). 

A second series of experiments was made in which the initial pressure of 
acetylene (10 mm.) and the pressure drop (4.7 mm.) were kept constant 
while the hydrogen pressure was varied from 155 to 540 mm. I t  was found 
that the number of millimeters of acetylene consumed was a constant fraction 
0.69% 0.02, of the pressure drop, regardless of the hydrogen pressure. However, 
the observed rate of pressure drop increased from 0.035 mm. per minute for 
an initial hydrogen pressure of 155 mm. to 0.050 mm. per minute for an 
initial hydrogen pressure of 540 mm. 

0.30- 8 - C 2  H4 
@ - C 2  H 6  

3.0- 

8 C z H ,  

@ C2H6 1'' 
0 C 4 H o  8/8 

-8 

I- 

a 
0 
(Z: 
a 

I.O 

FIG.1 

o 4.0 n.0 12.0 0 

- /": 
-a /@/o 

F@ ,o-8 /O 

FIG.2 
I I 

200 6 0 0  

- A P .  MM. [HJ~, MI..? 

FIG. 1. Variation in products with extent of reaction. Room temperature. Initial conditions: 
CzH2=10.0310.05 mm., H2=544Zk4 mm. a, overlapping points for CzHs and CdHlo. 

FIG. 2. Effect of hydrogen pressure on the formation of products for a pressure decrease of 
4.7Zk0.2 mm. Room temperature. Initial acetylene pressure, 10.1Zk0.04 mm. 
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Kahn and Le Roy (11) made a similar study of the effect of hydrogen 
pressure on the mercury photosensitized hydrogenation of ethylene. They 
found that the rate of forination of ethane, as well as the rate of pressure drop, 
was a linear function of the hydrogen pressure above 200°C. and showed that 
this was the result of two reactions, one of w l~ ic l~  was independent of hydrogen 
pressure (disproportionation of ethyl radicals), and one of which was directly 
proportional to the hydrogen pressure (the reaction C2HS+H2 = C?HG+H). 
Hoey and Le Roy (10) have observed a similar effect of hydrogen pressure in 
the mercury photosensitizecl hydrogenation of propylene. 

Unfortunately, in the present experiments the deposition of polymer on the 
cell window made it impossible to stuclj~ the effect of hydrogen pressure on 
rates of reaction a t  constant light intensity. We have therefore chosen to corre- 
late the hydrogen pressure with the amounts of various products formed per 
millimeter of pressure drop, as shown in Fig. 2. Curves of a siinilar shape were 
obtained when the observed rates of formation of ethylene, ethane, and butane 
were plotted against the hydrogen pressure, although the slopes were, of 
course, somewhat steeper. It is believed, therefore, that each of these prod~rcts 
arises by a t  least two processes, one of which is dependent on, and one of which 
is independent of hydrogen pressure. 

I t  is difficult to see how products like ethane and butane could be formed 
without the intermediate formation of ethyl radicals. I t  will therefore be 
necessary to consider how ethyl radicals might be formed and how they, 
together with vinyl radicals, atomic and 'molecular hydrogen and acetylene, 
might give rise to the observed products and account for their dependence 
on hydrogen pressure. 

Le Roy and Steacie (18) attributed ethylene formation to the reaction 
C?HJ+H?=CZHI+H. PI 

This was consistent with their observation that hydrogenated products of 
acetylene could only be obtained when (H2)/(H) was large, i.e. under con- 
ditions in which [6] might compete favorably with [2]. However, it is evident 
from Fig-. 2 that the predominant ethylene-forming reaction must be inde- 
pendent of hydrogen pressure and therefore cannot be [6]. 

Reaction [7] is probably of little importance in ethylene formation. 
H+C?Ha=CzH,. 171 

If it requires a third body its rate would increase with hydrogen pressure, 
but the observed increase can be accounted for more adequately in another 
way. If [7] occurred without a third body restriction it would compete with 
[a ]  just as  effectively when (H)/(Hz) is large as  when it is small; this is con- 
trary to experience, since exchange is the predominant process when (H),/(H2) 
is large. 

I t  is suggested that the most likely reaction to account for the major portion 
of the ethylene formed is [8]. 

C:HJ+C?HJ=C?H,+C~H~.  PI 
This reaction was postulated by Tickner and Le Roy (23) to account for the 
fact that equal amounts of ethylene and acetylene were formed when vinyl 
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radicals, produced from vinyl iodide and sodium in the diffusion flame, were 
allowed to react in the absence of hydrogen. The  rate of formation of ethylene 
by [8] would be independent of hydrogen pressure, and yet it would be negli- 
gibly small under the conditions used by Geib and Steacie (9) and Dingle and 
Le Roy (6). In both investigations the initial H atom concentration was 
conlparable to or even greater than the acetylene concentration ailcl hence 
very much greater than the vinyl radical concentration; under such con- 
ditions [2] would be much rnore important than [8]. 

Ethyl radicals are probably formed in a t  least two different ways: 
C ? H ~ + H ~ = C Z H ~ .  [QI 

H f  C?Ha=C?Hs. [lo1 

Because of the effect of hydrogen pressure on the rate of [9] the rate of formation 
of ethylene by [ l l ] ,  

C . Z H ~ + C ? H ; = C ~ H ~ + C Z H ~ ,  [ I l l  

should increase with hydrogen pressure. This, we believe accounts for the 
finite slope of the curve for ethylene in Fig. 2. Furthermore, as a result of the 
two methods of forming ethyl radicals, the production of ethane by [ l l ]  and 
of butane by [12], 

C?H5+CzHj= CIHIO, [la1 

should then show a dependence on hydrogen pressure similar to  that seen 
in Fig. 2. However, [ l l ]  and [12] cannot be the only reactions forming ethane 
and butane. If this were the case the ratio of butane to ethane would be a 
constant a t  fixed, temperature. 

@/@' 

> 8 /  

- 

FIG. 4 

I I 
200  400 6 0 0  

-AP,MM. ~Bo, MM. 

FIG. 3. Variation in butane/ethane ratio with extent of reaction. Room temperature. 
Initial conditions: CzH~=10.0+0.05 mm., H?=514+4 mm. 

FIG. 4. Effect of hydrogen pressure on butane/ethane ratio. The observed ratios, for a 
pressure drop of 4 .7f0.2  mm., have been corrected to a constant pressure drop of 4.8 nim. by 
using the data of Fig. 3. Room temperature. Initial acetylene pressure, 10.lf 0.04 mm. 
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Fig. 3 shows that the ratio of butane to ethane is strongly dependellt 
on the extent of reaction, although Fig. 4 shows that for the same pressure 
drop it is not greatly influenced by the hydrogen pressure. Even the largest 
value of the ratio (ca. 1.3, Fig. 3) is considerably smaller than values taken 
from other work. I\/Ioore and Taylor (21) found it to be 6.0 in the mercury 
photosensitized hydrogenation of ethylene a t  room temperature. Although 
the primary emphasis of the work of Kahn and Le Roy (11) was in the occur- 
rence of reaction [13] a t  higher temperatures, 

CzH,+Hz=CzH,+H, 1131 

their results show that the ratio of butane to ethane in the mercury photosen- 
sitized hydrogenation of ethylene a t  room temperature varied from 2.3 to 
4.0, depending on the rate of light absorption. 

Dr. I<. 0. Icutschke (15) has recently surnnlarized the values of klz/kll 
obtained from the photolysis of diethyl mercury, diethyl ketone, azoethane, 
and propionaldehyde; here the results were based on the ratio of butane t o  
ethylene. He states that, "the weight of evidence seems in favor of a value 
kd/k,-0.13 to 0.14 (i.e. k12/kll-7.2 to 7.8) provided the assumptions regarding 
mechanism are correct". On the other hand Kaplan (12) found a value of 
approximately 3.2 for butane/ethane in the mercury photosensitized hydro- 
aenation of ethylene and values of 0.54 to 1.0 in the mercury photosensitized 
hydrogenation of acetylene. Kaplan's hydrogen contained HT, and he found 
the ratio of the inolar activity of the butane to that of ethane to be 0.8 for the 
acetylene reaction, 1.G for the ethylene reaction. These results must be accep- 
ted with reservation since secoildary reactions of the products were probably 
involved because of prolonged irradiation. Nevertheless we are forced t o  
conclude that reactions in addition to [ll.] and [12] are involved in the forma- 
tion of ethane and/or butane. In particular, it seems necessary to postulate 
that ethane can be formed by some other process in addition to [ l l ] .  

Trenner, Morikawa, and Taylor (25) and Berlie and Le Roy (I) found that 
the reaction 

H+C2H5=C2H6 [I41 

was relatively unimportant under the conditions used in the discharge tube 
and hot filament methods, respectively. This is undoubtedly because of the 
n ~ u c l ~  greater rate of the reaction 

H+CzHs=2 CHB. [15I 

However Darwent and Steacie (5) have pointed out that the actual reactions 
are more likely to be 

H+CzHs=CzHs*, 1161 

C?H6* = 2  CH3, 1171 
C ~ H ~ * + M = C Z H B + M .  [I81 

Reaction [IS] could be quite important a t  the high pressures obtaining in 
photosensitization experiments. Some support for this is given by the data of 
Fig. 3. Because of the influence of H atom concentration on [lo] and [lG] 
the rate of formation of ethane by the sequence [lo], [16], [IS] would be greatly 
reduced by a reduction in the steady state H atom concentration. Such a 
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reduction will occur as the ethylene concentration increases and as the H 
atoms react with the polymer on the walls, as suggested below. 

The fact that the butane/ethane ratio is so low compared to the values 
found in the mercury photosensitized hydrogenation of ethylene suggests the 
possibility of ethane formation by the reaction 

C~I-I ,+C?II~=CZH,+C~H?.  [I91 

This is analogous to reaction [8], which has been established with a considerable 
amount of certainty. The rate of formation of ethane by the sequence [I], [8], 
[lo], [19] would be independent of the hydrogen pressure but strongly depen- 
dent on the H atom concentration, in agreement with the data of Fig. 3. 
. .  The butene-1 is undoubtedly formed by the combination reaction 

C?H,+CzH3 =C4H, P O I  
and the 1,3-butadiene by 

C~H~+C?HI=CIHG.  [21] 

Tickner and Le Roy (23) showed that the latter reaction occurred in diffusion 
flatne experiments with sodium vapor and vinyl iodide. 

'If  one considers the reactants acetylene, ethylene, and vinyl and ethyl 
radicals, then four different C.4 radicals could be formed by radical addition 
to the unsaturated compounds: 

CH3-CH-CHz-CHz-, 
CHI-CHrCH=CH-, 
CHz=CH-CHz-CHz-, 
CH2=CH-CH=CH-. 

Six different straight chain C6 compounds could then be formed by the 
combination of vinyl or ethyl radicals with these C4 radicals: n-hexane, l-hex- 
ene, 3lhexene, 1,3-hexadiene, 1,5-hexadiene, and 1,3,5-hexatriene. Of these, 1,3- 
hexadiene is certainly present in the products and there is good reason to 
believe that 1,3,5-hexatriene is formed. I t  was mentioned under Products 
that the C6 fraction contained unsaturated compounds which were not 
removed by treatment with maleic anhydride; these were undoubtedly the 
hexenes. Because of its much weaker absorption, n-hexane could not be detected 
even if it were present. I t  seems reasonable to assume, then, that the straight 
?hiin C6 compounds are formed by ethyl or vinyl radical addition to acetylene 
or ethylene followed by combination of ethyl or vinyl radicals with these 
id; radicals. 
 disproportionat at ion of the Cq radicals with ethyl or vinyl radicals could, 

conceivably, yield n-butane, 1-butene, and 1,3-butadiene, as well as ethyl 
'd?etylene, cyclobutane, cyclobutene, cyclobutadiene, and vinyl acetylene. 
N b  evidence for the last five compounds was obtained, although, with the 
ekception of cyclobutadiene, their characteristic absorption bands are well 
,known and quite strong. From a probability point of view it is likely that  

,of the n-butane, 1-butene, and 1,3-butadiene are formed by [12], [20], 
an? [21] rather than by disproportionat ion. 
; Benzene was the only cyclic hydrocarbon which could be detected, and it . . 

,accounted for a large proportion of the total gaseous products, as seen 
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T A B L E  Ia 

Run T."C. Hzb C?Hzb - A p  --AH? -AC?Hz C H I  C Z H I  C 2 H G  

1 35 484 20.3 20.6 10.0 12.4 nil 0.7 0.2 

7 35 540 10.07 6.75 3.1 4.40 nil 0.24 0.131 

17 35 nil 11.87 3.98 -0.06 4.50 nil 0.12 0.008 

1 nil nil 0.02 0.02 0 . 3  0.45 0.10 9 .3  

7 nil nil 0.005 0.008 0.13 0.16 0.04 3.2 

17 nil nil 0.001 nil 0.003 0.21 0.01 3 .7  

aThe concenlrations are i n  t~zm. pressure corrected lo 85OC. 
bInilia1. 
CC6 (and higher) compoz~nds other than benzene. 
d.4cm. of CzHz which went lo form polymer. 

in Table I. It  is probably formed by the successive addition of acetylene to a 
vinyl radical to form the 1,3,5-hexadienyl radical, followed by the elimination 
of a hydrogen atom and cyclization. 

The str~lcture of the polynler has been discussed under Products. Cross 
linking is probably initiated by the addition of H atoms or free radicals to 
the highly unsaturated linear polymer; such reactions would occur most 
readily a t  the window where, in photosensitization experiments, the concentra- 
tion of atoms and radicals is greatest. 

C. The Reaclion at 50O0C. 

Le Roy and Steacie (18) found that a t  300°C. the reaction proceeded 
several times as rapidly as a t  25"C., although an accurate temperature co- 
efficient could not be obtained because of uncertainties in the light absorption. 
The same difficulty arose in the present work and the experiment a t  300°C. 
was done solely to observe any change in the nature of the products. 

As seen from Table I ,  there is a marked increase in the proportion of ethylene 
formed. In view of the results of Tickner and Le Roy (23) this can be accounted 
for by reaction [6]. The increase in ethane production is probably the result 
of [13]. Kahn and Le Roy (11) found this reaction to be unimportant in the 
mercury photosensitized hydrogenation of ethylene below approxin~ately 
200°C., but of increasing importance above that temperature. Wijnen and 
Steacie (29) have estimated EIS to be 11.5f  1 ltcal. per mole. 

A sig~lificant feature of the results for 300°C. is the formation of methane, 
propane, and propylene. The first step in their formation is probably the ato- 
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nlic cracking of ethyl raclicals by [16] and 1171 (vide Berlie and Le Roy ( 1 ) ) .  
At this temperature methane would most likely be formed by the reaction 
of methyl radicals with hydrogen (28) ,  

CHa + H2 = CH4 f H, [221 

while propylene and propane would be formed by their combillation with 
vinyl and ethyl radicals. Vanhaeren and Jungers (26)  concluded that large 
amounts of methane were formed a t  room temperature, although they did not 
actually separate methane from the other products. If the experiments were 
prolonged sufficiently to remove all unsaturated gases it is likely that it 
would be formed a t  room temperature, but this was not the case in the 
present experiments. 

D. The Reaction in the Absence of Hydrogen 

The  data for experiment 17 in Table I confirm the earlier work of Le Roy 
and Steacie (17)  who found the reaction to be inhibited by nitric oxide and 
concluded that it took place by a free radical mechanism. The  fol-mation of 
ethane, ethylene, and benzene is in agreement with the findings of Icemula 
and Mrazelc (13) .  

1.e Roy and Steacie postulated the primary reactions, 
Hg(3P,) +C2H2=C2H-tH+Hg(1So), [23al 

=CtH +HgH, [23bI 

= H ~ c * H + H .  [2361 

I t  is now generally conceded that  HgH is not formed in the quenching of 
Hg(3PI).  Their observation that mercury is consumed in the reaction is 
evidence in favor of (23c). In  any event the system will contain H atoms and 
hence vinyl radicals will be formed by [ I ] .  The hydrogen that is produced is 
undoubtedly formed by [2].  Le Roy and Steacie (17)  found the quantum yield 
of acetylene consumption to be approximately 4.5 a t  40 mm. pressure and their 
data indicate that  it would be approximately 4 a t  12 mm. Thus  the consump- 
tion of 4.5 mm. of acetylene in experiment 17 must have involved the produc- 
tion of about 1.1 mm. of atomic hydrogen. Only 0.12 mm. of this appeared 
as molecular hydrogen. The  rest could not have undergone reaction [4] or 
there would have been no polymerization; it must therefore have been con- 
sumed in forming vinyl radicals and in the other H atom consuming reactions 
mentioned in section B. I t  is not surprising, then, that the nature of the pro- 
ducts is similar to tha t  for the reaction in the presence of hydrogen. 

A comparison of the results of experiments 7 and 17 shows tha t  in the 
latter ethane and butane production is reduced very much more than that of 
ethylene. The  formation of ethyl radicals by [9] will be eliminated and hence 
the rate of production of butane and ethane by [11] and [12] will be reduced. 
The rate of formation of ethane by [19] will not be reduced to the same extent 
because its rate depends only on the first power of the ethyl radical concen- 
tration. One would expect the ratio of butane t o  ethane to  be somewhat 
smaller than the intercept of Fig. 4, and  this is the case. The  fact that the ratio 
of butane to ethylene is very much less in experiment 17 than in experiment 7 
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suggests that ethyl radicals may be consumed in reaction [24] 
C?H,+C~H =C~H,+C?H?.  [241 

This  is analogous to  [8], which accounts for the  major proportion of the ethyl- 
.ene produced in the  experiments with hydrogen a t  room temperature. I t  
might also account for the absence of gaseous products containing triple bonds 
in experiment 17. 
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NOTE 

THE ROLE OF BETAINE IN PLANT METHYLATIONS 

Recent work on the biogenesis of plant substances has shown that methyla- 
tion processes in the plant are very similar to the well studied methylations 
which occur in animal tissues. I t  has been shown that the N-methyl groups of 
the alkaloids hordenine (lo), nicotine ( I ) ,  ricinine (6), and protopine (15) have 
the same origin as the labile methyl groups in animal metabolism. The  0- 
methyl groups of the alkaloid ricine (6), of barley lignin (2), and the methylene- 
dioxy groups of the alkaloid protopine (15) have been shown to have a similar 
origin. 

One important difference between animal and plant methylations has been 
noted. Although choline serves as an excellent methyl donor in the animal (7), 
it does not function as a methyl donor in barley, the castor bean, or in mature 
Dicentra hybrids (13, 6, 15). I t  does serve as a fair source of methyl in certain 
mycological methylations (4) and is an efficient donor in Nicotiana rz~stica (3). 
Thus there is a great variation in the efficiency of choline as a labile methyl 
source in the plant kingdom. In the case of barley there can be no doubt that  
the failure of choline to  serve as a methyl donor has metabolic significance, 
since it has been shown that the plants absorb and translocate administered 
choline (13). 

I t  has been shown in animals that choline must first be oxidized to  betaine 
before it can transfer its methyls (14). A possible explanation for the failure of 
choline to serve as a source of labile methyl in barley could be that this plant 
lacks the enzymic apparatus necessary to convert choline to betaine. The  
choline oxidase system is responsible for this transformation and is found in 
many animal tissues. Little is known about the occurrence of choline oxidase in 
plant tissues, although it has been reported to occur in the roots of the sugar 
beet (5). An investigation of the ability of betaine methyl to serve as a source 
of labile methyl in the barley plant should shed considerable light on this 
question. If betaine contributes labile methyl, then it  is very probable indeed 
that the failure of choline to do likewise is due to lack of an effective choline 
oxidase system. 

Betaine served as a source of labile methyl in the barley plant, as judged by 
the transfer of its methyls to the alkaloids N-methyltyramine and hordenine 
(Table I).  I t  failed to serve as a source of labile methyl in the young castor 
bean. A sample of choline, isolated from barley plants to which methyl-labelled 
betaine had been fed, proved to bear label on117 in its methyl groups. This de- 
monstrates conclusively that these plants can synthesize choline methyl from 
betaine methyl. Whether this is done by transmethylation or by direct reduc- 

lPrcsent address: d m e r i c a ? ~  Meal Inslitzrtc, Univcrsily of Chicago, Chicago, Ill. 
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TABLE I 

Betaine 
administered 

Total 
Wt., activity, 

mgm. c.p.m. 

Alkaloid 
isolated 

Specific activity, 
counts per minute per rnillilnole 

Homo- 
Original Trirn~thyl- anisaldehyde 

substance amlne oxlme 

42 1 .2  X 1071 

tion of betaine to choline cannot be determined from these experiments. The 
comparatively low activity in the isolated choline is perhaps more consistent 
with a transmethylation than with a direct reduction. In the animal, betaine 
methyl goes to choline methyl by transmethylation, rather than by direct 
reduction (8). I t  should be noted that the barley plants used in these experi- 
ments were 11-day-old seedlings. Barley plants may well develop a choline 
oxidase system as they mature. 

Ricinine I 0 

N-methyl- 
tyramine 

Hordenine 

Choline 

EXPERIMENTAL 

C14-Methyl Labelled Betaine . 

This compound was prepared by the method of Ferger and du Vigneaud 
(9). The labelled substance was isolated and purified through the reineckate. 

Growth of Plant Material 
The barley used in these experiments was the Charlottetown No. 80 strain 

and the castor beans were a commercial sample of Ricinus communis. These 
materials were grown and harvested as described previously (10, 6). 

4 .5  x lo3 4 .8  x lo3 0 

9 . 4  x lo3 8.5  x lo3 0 

1 .9  X 10' 1 . 8  x 10' 

Isolation and Degradation of Labelled Materials 
The alkaloids M-methyltyramine and hordenine were isolated and purified 

by the method of Leete et al. (11). Ricinine was isolated and purified as 
described by Dubeck and Kirkwood (6). Choline was isolated from the barley 
plants as described previously (10). T o  ensure that  the choline sample was not 
contaminated with betaine, i t  was repeatedly precipitated from alcohol as the 
chloroplatinate and from aqueous alkali as the reineckate. Betaine chloro- 
platinate is soluble in 95% ethyl alcohol and betaine reineckate is soluble in 
aqueous alkali. 

The hordenine and N-methyltyramine were degraded according to the 
method of Leete et al. (11) and the choline was degraded by the method of 
Lintzel and Monasterio (12). 

All radioactivity measurements were made with a "Q"-gas counter and 
appropriate corrections were applied. Adequate care was taken to purify all 
compounds to constant specific activity. 
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C a n a d i a n  J o u r n a l  o f  C h e m i s t r y  
Issued by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOLUME 3 2  OCTOBER 1954 NUMBER 10 

ISOTOPE EFFECTS IN THE COMBUSTION OF 

CARBON MONOXIDE1 

ABSTRACT 

The relative rates of reaction of C1?O, CI3O, and C140 with oxygen have been 
measured. When the oxidation proceeds mainly on the walls of the containing 
vessel the relative rates for C130 and for CL40 compared to Cl2O are respectively 
0.985 and 0.959. When reaction proceeds mainly in the gas phase there is no iso- 
tope effect within experimental error. 

INTRODUCTION 

In this investigation the relative rates of con~bustion of C120, C130, and 
C140 in oxygen have been studied. The object was to  see whether a study of 
isotope effects could contribute to the understanding of the mechanism of the 
reaction and more generally to  explore the possibility of using isotope effects 
to investigate gas phase reactions. 

The  reaction between carbon monoxide and oxygen has been thoroughly 
investigated (e.g. (6) and references to  be found in (6)) and its main features 
are well known. I t  is a chain reaction which shows upper and lower pressure 
limits of explosion and is generally believed to  proceed either on the wall of 
the containing vessel ('slow' reaction) or homogeneously (fast or explosive 
reaction) according t o  conditions. 

The  initiation of explosion by heating the mixed gases in a vessel requires a 
fairly high temperature, between 500 and 700" C.,  while the 'slow' reaction 
taking place on the walls proceeds quite rapidly a t  temperatures just below the 
explosion temperature. Mixtures of suitable proportion can be readily exploded 
by an electric spark. Many other variations in conditions are possible; e.g. 
admitting a cold mixture to  a hot vessel; or mixing the two preheated gases. 
In general, the chief effect of varying the conditions is to  change the relative 
importance of the heterogeneous and homogeneous reactions. 

As an initial step in this investigation the principal features of previous work 
were repeated in order to  test the apparatus and to  establish the conditions 
for thermally induced explosion, slow reaction, spark induced explosion, etc. 

'Manuscript received June  11, 1954. 
Contribution fronz the Chemistry Branch, Atomic Energy of Canada Linzited, Chalk River, 

Ontario. Issued as A .E. C.L. No. 125. 
ZDepartment of Chemistry, University of nilanitoba, Winnipeg,  Man.  
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Good agreement was found on points where clirect comparison was possible 
and it  is not proposed to describe this part of the \vorl< in detail. 

The method employed for measuring the isotope effects can be summarized 
as follo.ivs. A supply of carbon nlonoxide was prepared by complete reduction 
of carbon clioxide with hot zinc (1). Various types of combustions were carried 
out using a deficiency of oxygen so that the monoxicle was only partially oxi- 
dizecl (~rsually about 30%). The carbon isotopic con~positions of the dioxide 
samples so produced were then compared mass spectrometrically with that of 
the initial dioxide from which the monoxide was prepared. Thus the isotopic 
conlposition of the monoxide a t  the start of each reaction and the isotopic 
composition of the dioxide produced by its partial oxidation were Itnown. By 
simple pressure measurements the amount of monoxide which had reacted 
was determined. The relative rates of co~nbustion of C120, C130 (and CIJO if 
present) can be obtained from these data. In the first experiments natural 
carbon dioxide was the starting material so that only the isotope effect for Cl3 
compared with C1%as studied. Later the experiments were repeated starting 
with dioxide containing about one per cent C14 SO that the effects for both C13 
and C" could be studied. Details of the experimental methods are given below. 

EXPERIMENTAL 

The main features of the apparatus are shown in Fig. 1. The silica reaction 
vessel A with volume about 100 ml. was heated by an electric furnace. I ts  
temperature was measured by a thermocouple placed inside the furnace tube 

against the outer wall of the reaction vessel. Samples of gas from the reaction 
vessel could be collected in a sampling tube B. The pressure in the furnace was 
measured by two manometers, the first being a simple mercury barometer 
type and the other a U-tube filled with Kel-F polymer grade 10. In the latter 
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case both arms of the U-tube could be opened to the systenl ancl then with one 
arin closed the manometer would indicate any pressure changes which occurred 
subsequently. The fluorocarbon polymer Kel-F has the advantages of high 
density and low vapor pressure but its high viscosity means that  readings take 
rather a long time. The  manometer, connections, stopcocks, etc. associated 
with the reaction vessel (A) and outsicle the furnace were macle to have the 
smallest practicable volume which was small compared to the volume of the 
vessel. A conventional vacuum systenl was used consisting of liquid nitrogen 
cold trap, low pressure gauges, mercury diffusion pump, and rotary fore-pump. 
This systenl gave a pressure of less than lo-" mm. mercury. 

The oxygen was obtained from a cylinder. I t  was stored in a large bulb D, 
dried by phosphorus pentoxide in E, and transferred to  the reaction vessel by 
a simple pump C1. 

The  carbon monoxide was prepared by reduction of carbon dioxide with hot 
zinc (1, 3). The  dioxide was generated by heating a dry mixture of sodium 
carbonate and lead chloride (7) in a tube placed a t  F. A sample of this gas was 
isolated and retained for mass spectrometry. The remainder was allowed to 
circulate by convection through the tube G which contained glass beads covered 
with zinc dust and heated to 400°C. by an electric furnace. T o  test for com- 
pletion of reduction the contents of G and H could be drawn repeatedly through 
a liquid nitrogen cold trap L by  raising and lowering the mercury in K. Reduc- 
tion was usually allowed to continue overnight by which time no visible amount 
of dioxide could be condensed in L. Nevertheless the condensable contents of L, 
i f  any, were rejected; this ensured that the monoxide was free from dioxide and 
from moisture. The  monoxide was stored in G and H and transferred to the 
reaction vessel by the pump Cz. 

The  procedure for making a run was briefly as follows. Measured pressures 
of the two gases were introduced into A a t  room temperature. The  furnace was 
then heated a t  the desired rate and the temperature and pressure were noted 
a t  frequent intervals. A graph of pressure against temperature then showed 
initially the ordinary gas expansion bu t  as reaction commeiiced the pressure 
dropped more or less rapidly according to conditions. Explosions in the reaction 
vessel were detected by a sharp 'kick' of the manometer followed by an in- 
stantaneous drop in pressure. After the reaction was completed the system was 
allowed to cool to room temperature and the pressure measured. The  over-all 
decrease in pressure gave the measure of the extent of the reaction. In most 
runs the initial pressures (cold) of monoxide and oxygen would be approxi- 
mately 10 cm. mercury and 2 cm. mercury respectively. A large proportion of 
the oxygen would be burned (see Table I for details). When pressure measure- 
ments were complete the carbon dioxide produced by the reaction was collected 
in the sampling bulb a t  B. 

The condition which apparently produced the slow or heterogeneous 
reaction was to heat the reactants a t  about 550°C. A t  this temperature the 
reaction as followed by the pressure-temperature graph proceeded fairly 
rapidly and was complete, in so far as the proportioils of gases allowed, in 
about an hour. 
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The  condition required to produce an explosion (by heat) was to heat the 
mixture as rapidly as  possible. A t  about 600°C. which was reached in about 
eight minutes in this a p p a r a t ~ ~ s ,  the explosion occurred and the furnace was 
immediately shut off. I t  is obvious tha t  a certain amount of slow reaction 
must occur before the explosion takes place and it was observed that  if  the 
mixture was heated slowly then the initial slow reaction would proceed so far 
that  no explosion was possible even a t  temperatures above tha t  normally 
required to  cause explosion. 

In  a few experiments the carbon monoxide, about 10 cm. mercury pressure, 
was heated a t  700°C. and then a small quantity of oxygen admitted and the 
furnace shut off. The amount of oxygen admitted was determined by previous 
calibration experiments. 

Experiments on sparking of mixtures were made by  using a glass reaction 
vessel with tungsten wire electrodes across which a spark could be made by 
applying a high voltage coil. This vessel was filled with gas mixture by attach- 
ment to  the main apparatus but the pressure of the gas before and after 
sparking was measured in an auxiliary system equipped with mercury mano- 
meter and a simple arrangement for transferring the carbon dioxide produced 
by the explosion to a sampling bulb. 

The  carbon dioxide samples so obtained were transferred to another vacunm 
line where the following operations could be performed by conventional tech- 
niques. In the first place the samples were equilibrated with water by being 
shaken overnight with a few milliliters of water in a sealed bulb. This  is to  
ensure that  all carbon dioxide samples have the same 0'" 0°", 018 content; a 
special stock of water was retained for this purpose. Secondly the samples 
were dried over magnesium perchlorate. Finally they were transferred to  
sample tubes designed to  fit onto the mass-spectrometer sampling system. 

MASS SPECTROMETRY 

The  carbon dioxide samples were analyzed with a 6-in. radius, 90' deflection 
mass spectrometer similar to  one described by  Graham, Harkness, and Thode 
(5). iVIass spectra were obtained by magnetic scanning and were recorded with 
a Leeds and Northrup type G Speedomax. For each sample, 20 to  30 spectro- 
grams were recorded by scanning alternately from mass 44 to 46 and then in 
the reverse direction from mass 46 to 44. The  resolution of the mass spectro- 
meter was such that the ion peaks were completely resolved. Possible systenlatic 
errors arising from mass discrimination and nonlinearity of the amplifying and 
recording systems were negligible. 

Because isotopic abundance ratios, a s  determined by the mass spectrometer, 
show small variations from day  to day, each sample of carbon dioxide prepared 
by the combustion of the monoxide was compared mass spectrometrically with 
a standard sample of carbon dioxide. For the inactive samples the standard 
was prepared from normal sodium carbonate, and for the active samples from 
sodium carbonate containing about one per cent C14, as described above. The 
peak height ratios (45)/(44) and (46)/(44) obtained for each sample were 
normalized b y  comparison of the corresponding ratios of the accompanying 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ATTREE ET AL.: ISOTOPE EFFECTS 925 

stanclard with the average values of these ratios determined from all measure- 
ments on the standard. 

From the nor~nalized values of the peak height ratios, the C'3/C1'a~1d C14/C1? 
abundance ratios may be calculated as follows: 

Therefore, ci3 (45) 016 oi7 C'2 = -- - 
(44) 01"'6 ' 

Similarly (46) c14 016 016 + c13 016 017 + cl? 016 018 + c12 017 017 
-- - 

(44) - C~"O'"O'~ 

Therefore c14 (46) c13 016 017 016 016 017 oi7 
-- Cl" - 4 cl2 0 1 6  0 1 6  0 1 6  0 1 6  0 1 6  0 1 6  . 

Because all of the carbon dioxide samples and standards were equilibrated 
with water taken from the same source (a stock of distilled Ottawa River 
water), their oxygen isotopic ratios were constant. For carbon dioxide gas in 
equilibrium with Ottawa River water, the ratios (016 017/016 016), (016 018/ 
0l6 Ole), and (017 017/016 016) were determined to  be 0.000802, 0.004250, 
and 0.00000016 respectively. The latter ratio is so small that it was neglected 
in calculating the C14/C12 ratio. Equations [I]  and [2] may then be expressed as 
follows: 

and 

In order to  be able to  measure the isotope effect by the present methocl it is 
necessary that no significant exchange take place between the carbon dioxide 
produced and the unreacted monoxide under the conditions of the reactions. 
This was studied in the following manner. The furnace was filled with radio- 
active carbon monoxide (5.70 cm. mercury) and ordinary inactive carbon 
dioxide (4.20 cm. mercury). The mixture was heated a t  610-630°C. for an  
hour and then cooled. The dioxide was removed and transferred to a bulb 
containing 1.5 ml. N/5 sodium hydroxide solution. The sodium carbonate 
solutioil thus obtained was diluted to 10 ml. and aliquots were counted in a 
methane filled proportional counter of known efficiency (52%). Knowing the 
C14 content of the initial ~nonoxide and the specific activity of the final dioxide 
it was calculated that  not more than one per cent exchange had occurred. This 
is not sufficient to cause any trouble in measuring the isotope effect. 
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RESULTS 

Reaction Data 
The data for the various runs are summarized in Table I.  The table shows the 

initial pressure of carbon nionoxide and oxygen, tlie tempera t~~re  conclitions, 
the percentage of the nionoxide burned, and whether or not an explosion 
occurred. I t  is assumed that for run No. 14 where oxygen was admitted to 
carbon ~iionoxide preheated a t  '700' C. an explosion would have occurred; t l ~ e  
characteristic 'kick' of the ~nanorneter was not observable owing to tlie 
abrupt change in pressure caused by aclmitting the oxygen. 

TABLE I 
SUMMARY OF REACTIOX DATA . - -- 

Crn. mercury CO reacted 
Run No. p, CO p ,  Or Conditions 

-- 
(%I 

-- 
Heterogeneous reaction 

12 11.37 2.30 Heat to 700' a t  -20°/rnin. ; 31.3 + 1.0 
maintain five minutes; cool 

13 10.25 2.10 Heat to 600" at-20°/min.; 36.5 + 1 .0  
maintain one hour; cool 

18 10.40 2.00 Heat to 550" a t  -2O0/min.; 34.5 + 1.0 
maintain one hour; cool 

19 10.50 1.85 Heat to 560' a t  -50°/rnin. ; 24.7 + 1 .0  
maintain one hour; cool 

Homogeneous (explosive) reaction 
14 19.95 3.95 Admit oxygen to monoxide pre- 39.7 f 4.0 

heated a t  700'; cool 

15 20.50 4.00 Sparked 61.5 

16 21.95 2.15 Sparked 31.0 f 1 .0  

17 20.30 3.05 Sparked 28.1 f 1 .0  

20 10.30 2.05 Heat to 700° a t  -7O0/inin. ; 27.0 f 1.0 
cool (explosion occurred a t  580') 

22 10.50 1.90 Heat to 630' at-100°/min.; 32.9 f 1 . 0  
cool (explosion occurred at 575O) 

Notes: (1) I n  r u n  15 the percelrtage reaction was uncertai?t; this i s  of no consequence since there 
was no isotope ef ict  for this rzm. 

(2)  I f  a n  ~xp los io~z  was observed thc reaction i s  classified as "ho?~togeneozis". Where no  
explosion occzirred the reactio?~ i s  classified a s  "heterogeneozis". 

M a s s  Spectrometer Analyses  

Table I1 gives a summary of the mass spectrometer data. Because the 
standard was  a sample of the carbon dioxide f rom which the monoxide w a s  $re- 
pared, i t  had the same C12:C13:C14 content a s  the monoxide used in all reactions. 
The standard was mass-analyzed each time a sanlple was analyzed. The average 
values of the (45)/(44) and (46),/(44) ratios obtained from all the nieasure- 
ments on the standard were 0.01200 and 0.01560 respectively, corresponding 
to C13/C1%nd C14/C1? ratios of 0.01120 and 0.01134 respectively. Over a 
period of three months, the day-to-day variations in the standard ratios were 
small, the maximum deviation from the mean being 0.5%. The average values 
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of the standard ratios were used in the nor~nalization of the sample peak 
height ratios. Table I1 shows the normalized values of peak height ratios, 
(45)/(44) and (46)/(44), for each of the sanlples, and also the con-esponding- 
values of the isotopic abundance ratios, C13/C1%nd. C1"/C12, calculated as 
explained in the experimental section above. 

TABLE I1 
SUM~IARY OF MASS SPECTROMETER DATA (NORMALIZED) 

Ayerage values for the standard used in normalizing sample values:* 
CIS '45' = 0.01200; @ = 0.01120 

(44) 

= 0.015MI; !$ = 0.01134 
(44) 

(45) -- (46) C'3 C" - C'? - 
Run (44) (44) CI? 

I-Ieterogeneous reaction 
12 .01186 ,01106 
13 .01186 .01106 
18 ,01185 .01524 ,01105 ,01098 
19 .01185 .01517 .01105 .01091 

Homogeneous (explosive) reaction 
14 .01199 
15 .01199 

*The CL3 ratios for the natural nlonoxide (runs 12-15) and the monoxide conlaining C" (runs 
16-22) were alnzost identical, and thzls both sets of results have been nornialized to the sanze value. 

Ratio of Rate Constants 

Because of the low concentration of C130 (or C140) in the inonoxide the 
reaction will be first order in respect to  these species (even though it may not 
be first order in respect to carbon monoxide). The ratios of the rates of reactions 
k13/k12 and k14/k12 were calculated on this assun~ption and are shown in Table 
111. The errors quoted are based on tile standard deviation of the mass spectro- 
grams. Errors in measuring the extents of the reactions are not important. 

TABLE I11 
RATIOS OF RATE CONSTANTS 

Run klJ/kl? k14/k12 

Heterogeneous reaction 
12 0.9850 f 0 . 0 0 2  
13 0.984? f 0.002 
18 0.9836 f 0 . 0 0 4  O.9Glo f 0 . 0 0 6  
19 0.9846 rt 0.002 0.9562 f 0.004 

Homogeneous (explosive) reaction 
14 0.99% f 0.003 
15 0.9984 f 0.002 
16 1.0022 r!z 0.003 
17 0.9980 i 0.003 
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DISCUSSION O F  RESULTS 

The outstanding feature of the results is tha t  the homogeneous "explosive1' 
reactions (Runs 14, 15, 16, 17, 20, 22) show no isotope effect whereas the 
heterogeneous "slow" reactions produce a small b ~ r t  distinct elfect, the heavier 
n~olecules reacting more slowly. The  distinction between the two n~echanisms 
is thus nicely emphasized. 

Heteroge~zeous Reactions 
The  four observed values for k13/k" are 0.985, 0.984, 0.984, and 0.985. The 

two observed values of k"/'k12 are 0.961 and 0.956. Since these apply to hetero- 
geneous reactions it is an obvious step to interpret these ratios in terms of the 
number of collisions made by C1?O, C130, and C140 nlolecules with the walls 
of the vessel. I t  is most interesting to  carry out this interpretation in terms of 
Eyring's theory of rate processes because this approach is the one which has 
been used with some success in the interpretation of isotope effects in general. 

According to  Eyring (4) the activated complex for an adsorption process in 
which the adsorbed layer is mobile may be considered as  the gas molecule just 
before i t  strikes the surface. In this case the vibrational and rotational par- 
tition functions of the reactant and of the activated conlplex are the same. On 
the other hand the reactant has three degrees of translational motion whilst 
the activated complex has only two so tha t  the ratio of the partition functions 
of the co~nplex to those of the reactant reduces to 

The  rate of adsorption, zl, thus becomes 

where C, is the concentration of reactant in the gas, is the zero point energy 
of the molecule, and the other symbols have their usual meaning. 

The  ratio of the rates of adsorption for two isotopically distinguished mole- 
cules ml and f i z z  will be 

This will give the ratio of the rates of reaction provided adsorption is the rate 
controlling step and the adsorbed layer is mobile. Since (€1 - €2) is a s~nalI 
quantity and T is large, 900" I<eliiin in the present experiments, this expression 
leads to the conclusion that  the rates of reaction should be inversely propor- 
tional to  the square roots of the mass of the molecules. 111 thiscase kI3/kl2 should 

be 4 2 8 / 2 9  = 0.983 and k14/k12 s l l o~ ld  be 4 2 8 / 3 0  = 0.966. The  agreement 
with experinlent in the case of k13/k12 is very good and in the case of k1"k12 is 
reasonable considering the experi~llental errors. The  same conclusion could of 
course have been reached by considering the classical collision frequencies of 
the various molecules with the walls of the vessel and neglecting any differ- 
ences in the energy of activation of adsorption. 
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ATTREE ET AL.:  ISOTOPE EFFECTS 929 

Homogeneous Reactions 
An accepted mechanism for the reaction (6) involves the following chain 

propagating and branching steps: 
CO + 0, = CO2 + 0 + 0, 
0 + 0 2  = 03. 

The activated cornplex for the reaction can in this case be represented as 
0-C . . . 0-M 

where M is O2 treated as a point inass. If it is assumed that this complex is 
linear, which is reasonable, the vibration frequencies nlay be readily calculated 
for any given set of masses and poteiltial constants. The isotope effect can then 
be obtained using Bigeleisen's formula (see Ref. 2 where the derivation and 
significance of this equation is described) 

In using this formula it  is necessary to neglect the effect of mass on trans- 
mission coefficients K1/K2. At the temperatures of the present reactions the 
"free energy" term (1 + C G(ui) Aui - C ~(u:) AU~') is effectively unity. 

Using the proposed model it  can also be shown that the ratio of the frequencies 
along the reaction co-ordinate vlL/vzL is also very close to unity for a wide 
range of potential constants and M = 0 2  (i.e. 0 3  as reactant). I t  is also very 
close to unity if RII is taken as a "third body" with no 0-M bond but having 
a weak repulsion between M and the carbon atom. 

I t  follo~vs that,  assunling the ratio of transmission coefficients to be unity, 
there will be no isotope effect, in agreement with the experimental results. 

I t  is interesting to look briefly a t  the situation from the point of view of 
simple collision theory, i.e. using the expression : 

where d E  is the difference in experimental activation energies for the isotopic 
molecules. Since A E  is presun~ably snlall and T is large the term ecAEIRT 
should be close to unity. On the other hancl the term 2 1 / 2 2  (ratio of collision 
frequencies) is not unity. Table IV shows the value of 2 1 / 2 2  for C130 compared 
to C120 and for C140 compared to C120 assunling in one case (colun~n 1) that 
the collisions occur between carboil monoxide and oxygen atoms and in the 
other case (colurnn 2) between monoxide and ozone molecules. 

TABLE IV 
RATIOS OF COLLISION FREQUENCIES 
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Comparison of Tables IV and 111 shows differences which are ~ r o b a b l v  
significant, i.e. the ratios of rate constants expected 011 the basis of collision - 
numbers only is not in agreement with the measured values. Part or even all of 
this discrepancy could be accounted for by allowing that the term e-AEIRT is 
not unity, AE being negative in just the amount required to compensate for the 
Z1/Z2 term. Unfortunately there is no simple way of estimating AE. Further- 
more there is no knowledge of the effect of isotope substitution on the factor P. - 

For these reasons the simple collision theory is of little use in considering 
isotope effects. 
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GLUTAMIC ACID AS AN ADDITION AGENT IN THE 
ELECTRODEPOSITION OF COPPER1 

ABSTRACT 

The polarization-time curves obtained in the presence of glutamic acid gener- 
ally showed two distinct polarization levels, one corresponding to an induction 
period following an initial rapid increase of polarization from the standard 
surface value, and the other corresponding to a steady state period following a 
second rapid increase of polarization. The polarization a t  both levels increased 
with increase of glutamic acid concentration and decreased with increase of 
sulphuric acid concentration in the electrolyte. In general, the induction period 
increased, and eventually became irreproducible, with increased sulphuric acid 
and copper sulphate concentrations, decreased gluta~nic acid concentration, 
decreased current density, increased temperature, and addition of chloride. 
Addition of sufficient chloride prolonged the induction period indefinitely a t  a 
polarization level corresponding to the presence of chloride alone. Following the 
induction period, the concentration polarization increased with glutamic acid 
concentration and was considerably higher than the value obtained during the 
induction period. Addition of chloride decreased the concentration polarization. 

INTRODUCTION 

Several previous papers from this laboratory have discussed the changes in 
cathode polarization during the deposition of copper when gelatin alone, or 
gelatin plus chloride ion, are present as addition agents in the electrolyte 
(5, 6, 12, 14). The increase in polarization observed in the presence of gelatin 
alone has been interpreted as a consequence of an increase in true current 
density when the active area of the cathode is reduced by adsorption of 
gelatin. A marked decrease in polarization below the value observed with 
gelatin alone, when small quantities of chloride ion (of the order 2 mgm. per 
liter) are added with the gelatin, was attributed to an increase of active area 
by attack of the halide ion on less active parts of the cathode surface. 

A recent study of the initial changes in cathode polarization (13) has shown 
that,  in the presence of gelatin but not in its absence, these changes were 
dependent upon the time the cathode was in contact with the electrolyte before 
electrolysis was begun. There was just a suggestion from this behavior tha t  
corrosion processes, with accompanying formation and adsorption of copper- 
gelatin complexes, might play a significant part in the addition agent effect of 
gelatin. Other workers have concluded that substances which function as 
addition agents form conlplexes with metal ions in the solution (3, 4, 7-9, 11). 

T o  obtain,'further information about the way in which con~plex formation 
might be concerned in the mechanism of addition agent action, it seemed 
reasonable to study the behavior of a simple amino acid, rather than gelatin, 
as the addition agent. The ability of many such acids to forin heavy metal 
complexes is well recognized, and copper complexes with several of them have 
been isolated. I t  was also hoped that further study of the effect of chloride ion, 
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with the simpler addition agent, might enable a better urtderstanding of the 
way in which chloride ion exerted its profound effect on the cathode polariza- 
tion. 

Although experiments were made with several amino acids, the increases of 
polarization appeared to be more pronounced with glutainic than with the other 
acids used. Hence, i t  is with glutam.ic acid that the present paper is primarily 
concerned. 

EXPERIMENTAL AND RESULTS 

All polarization nleasurements were made in a modified Haring cell of the 
type described previously (12). The auxiliary equipment and procedure for 
making the measurements have been indicated in several of the earlier papers. 
The volume of electrolyte used was always 150 1111. 

The chemicals used in preparation of the electrolytes were Merck reagent 
grade copper sulphate pentahydrate, Baker's analyzed C. P. sulphuric acid, 
reagent grade sodium halides and amino acids, and laboratory distilled water 
that was redistilled from alkali. Before they were used all electrolytes were 
brought to the temperature of the thermostat (25 f O.l°C.). 

Prior to an experiment, the cathode was polished with emery cloth, etched 
in 1: 1 concentrated nitric acid - water solution, and thoroughly washed with 
distilled water. The surface was then brought to a standard condition by 
electrodeposition a t  25OC. from an electrolyte containing 125 gm. copper 
sulphate pentahydrate and 90 gm. concentrated sulphuric acid per liter of 
solution. The deposition was continued for 30 min. a t  3 a m ~ . / d m . ~ ,  then for 
one hour a t  2 amp./dm? The polarization a t  the end of the surfacing procedure 
was 105 f 5 mv. 

In the presence of glutamic acid, in an electrolyte containing 125 gm./liter 
copper sulphate pentahydrate and 180 gm./liter sulphuric acid, the polariza- 
tion generally increased rapidly (within two minutes) to a relatively constant 
value, (cf. Fig. l A ,  1B) where it remained for a time which, for brevity, may 
be referred to as the induction period. Followiitg this induction period, there 
was observed a second rapid increase to a steady state value which, for given 
conditions of electrolysis, was reproducible within f7 mv. The length of the 
inductioil period, on the other hand, was generally quite irreproducible with 
this electrolyte. Occasionally, families of curves were obtained that showed 
definite trends of polarization with change of addition agent concentration, 
especially if the same stock electrolyte were used throughout a given series of 
experiments. However, use of the same stock electrolyte was no guarantee that 
reproducibility would be realized. The reproducibility remained poor with 
different batches of copper sulphate, sulphuric acid, or glutamic acid, and with 
differently prepared batches of distilled water. A decrease in the sulphuric 
acid content of the electrolyte (Fig. 1A) increased the polarization a t  both the 
steady state and induction period levels, and improved the reproducibility 
considerably. With several different batches of electrolyte containing 200 
mgm./liter glutamic acid and 90 gm./liter sulphuric acid, an extreme variation 
in the induction period from 4 to 10 min. was observed, whereas with electro- 
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ADAMEK AND WINKLER:  GLUTAMIC ACID 933 

TIME - MIN. 

FIG. 1. Effect of various factors on cathode polarization in the presence of glutamic acid. 
A. Effect of sulphuric acid concentration. H?S04 conc. (gn~./liter): 0 180; Q 150; A120; 

A 90; 50; 35. 
B. Effect of chloride concentration. Hi%, conc., 90 gm./liter. Chloride conc. (mgm./liter): 

0 nil; Q 0.145; A0.165; A 0.33; 4. 
C. Effect. of immersion time (cathode surface first subjected to masimum polarization). 

H~SOI conc., 90 gm./liter. Immersion time (min.): 0 nil; Q 0.5; A 1.0; A 5.0. 
D. Effect of chlorlde concentration (cathode surface first subjected to maximum polarization). 

HzSOl conc., 90 gm./liter. Chloride conc. (mgn~./liter) : 0 0.5; Q 1.0; A 1.5; A 2.0; 8.0. 

lyte containing 180 gm./liter sulphuric acid the variation in induction period 
was often 10-fold or more, for given conditions of electrolysis. When the 
sulphuric acid concentration was varied a t  a low glutamic acid concentration 
(4 mgm./liter), the induction period again increased with increase of sulphuric 
acid concentration, but irreproducibility was quite evident a t  acid concentra- 
tions as low as 90 gm./liter. 

At a reduced current density of 1 a m ~ . / d m . ~ ,  a very pronounced increase 
in induction period (from about 5 min. to  100 min.) resulted when the sulphuric 
acid concentration was increased from 35 gm./liter to 90 gm./liter. 
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The effect of glutamic acid concentration on the cathode polarization was 
determined with an electrolyte containing 90 gm./liter sulphuric acid. (Unless 
otherwise stated, the electrol>,te used in all subsequent experiments contained 
125 gm./liter copper sulphate pentah ydrate and 90 gin./liter concentrated 
sulphuric acid). For glutamic acid concentrations above 50 ing~n./liter, the 
induction period varied only slightly, but for smaller concentrations of glutamic 
acid, i t  increased considerably as the glutamic acid concentration was decreased, 
and eventually, for concentrations of glutamic acid below about 5 mgm./liter, 
erratic induction periods were again observed. Similar trends were noted in 
electrolytes containing 180 gm./liter sulphuric acid when, by chance, systema- 
tic behavior was observed in this more strongly acid solution. Erratic induction 
periods were not accompanied by erratic behavior of the steady state polariza- 
tion, as  indicated by the relation between the steady state polarization and 
glutamic acid concentration shown in Fig. 2A. In this figure are plotted also 

GLUTAMIC ACID - MGM./L. 

FIG. 2. Effect of glutamic acid on cathode polarization. 
A.  0 Steady state polarization. H?SO,, 90 gm./liter. 

Steady state polarization. H?SOa, 160 gm./liter. 
A Polarization after one minute. HZSOa, 90 gm./liter. 

B. H2S04, 90 gm./liter. 
0 PT (total steady state polarization in presence of glutamic 
A PC (concentration polarization following induction period). 
A Pa4 (total polarization during induction period). 

PT - ( P C  + PA). 

acid). 

the polarization values after one minute, corresponding roughly to the polariza- 
tion a t  the induction period plateau. The increase in its value with increased 
glutamic acid concentration is evident. The data  of Fig. 2A can be well repre- 
sented as linear relations between the logarithm of the cathode polarization 
and logarithm of the glutaillic acid concentration. 

With 200 mgm./liter glutamic acid in the electrolyte, the induction period 
appeared to increase with a decrease of current density and to become erratic 
a t  low current densities, as shown by the following results: 
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ADdAfEK A N D  W I N K L E R :  GLUTAMIC ACID 935 

Current density Induction period Steady state polarization 
( a m ~ . / d m . ~ j  (min.) 

- 
(mv.) 

3 .0  2 330 
2.0 4 295 
1 . 5  8 268 
1 . 3  17 240 
1 .2  26, 60 240, 228 
1.1 20 238 

A decrease in copper sulphate concentration was found to decrease the in- 
duction period and increase the polarization in an  electrolyte containing 200 
mgm./liter glutamic acid. The results were as  follows: 

Copper sulphate conc. 
CUSOI. 5H2O 

(gm./liter) 

Induction period Steady state polarization 

(min.) (mv.) --- 
Current density = 1 a m p . / d n ~ . ~  

40 <1 

Current density = 2 a m p . / d ~ n . ~  
125 4 
190 12 

The effect of temperature on the polarization behavior a t  2 amp./dnl.Vn 
the presence of 200 mgm./liter glutamic acid was examined a t  lgO,  25", 30°, 
and 36°C. Without presenting the results in detail, it might be mentioned tha t  
increase of temperature decreased the polarization from 320 mv. to 205 mv., 
and increased the induction period from 5 min. to 60 min., over the range 
studied. The most marked changes in both quantities appeared to  be in the 
interval 30"-35°C. 

Experiments were made to  determine whether the second increase in polari- 
zation observed in the presence of glutamic acid might be the result of some 
product formed a t  the anode and carried to the cathode b y  convection. One 
milliliter of glutamic acid solution was added carefully from a pipette, a t  the 
base of the  anode, while an  electrolysis was in progress in the absence of 
addition agent. Approximately one hour elapsed before any increase of cathode 
polarization was observed. Repetition of the experiments with gelatin solution 
instead of glutamic acid solution gave a similar result. Since the induction 
periods observed in the polarization-time curves discussed previously were 
frequently much less than one hour for similar conditions of electrolysis, the 
second increase in polarization apparently is not due to  formation of anodic 
products and their subsequent action a t  the cathode. 

Although i t  seemed rather unlikely, there was a possibility tha t  the induction 
period bore some relation to the  time required for the acidity of the cathode 
film to  attain a steady concentration. The drainage method described by 
Brenner ( I )  was used, and experiments were made a t  0.5, 1.0, and 2.0 amp./ 
dm.? in electrolyte containing 90 gm./liter sulphuric acid, and a t  2.0 amp./dm." 
in electrolyte containing 180 gm./liter sulphuric acid. Since a relatively steady 
acid concentration in the  film was attained in less than two minutes, there 
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appears to be no relation between this time and the induction period observecl 
in the polarization-time curves. In agreement with Brenner, the acicl concell- 
tration in the film increased with increase of current density; the percentage 
increase was approximately the same a t  the two bulk electrolyte acid concen- 
trations used. 

The  effect of chloride ion on the cathode polarization in the presence of 
glutamic acid was studied over a range of conditions. Typical behavior is 
illustrated in Fig. 1B. With addition of chloride in concentrations less than 
about 0.2 mgm./liter, the induction period with 2 a r n ~ . / d m . ~  was increased, 
but  the second increase of polarization did occur to  somewhat lower steady 
state values than in the absence of chloride. With chloride concentrations 
greater than about 0.2 mgm./liter, however, the induction period appeared 
co be prolonged indefinitely, and with chloride concentrations of 4 and 8 
mgm./liter, and 200 mgm./liter glutamic acid, the polarization followed closely 
the values in the presence of chloride alone. 

When sufficient chloride (6 mgm.) was added a t  the base of the cathode 
after the polarization had reached the steady state value in electrolyte con- 
taining glutamic acid alone, the polarization began to  decrease i i nn~ed i a t e l~  
and rapidly. At the end of 10 min., in a typical experiment, it had decreased 
some 45 inv., and after 40 min. had fallen to  the value characteristic of chloride 
alone in the electrolyte. 

The  very high sensitivity of the system to the presence of chloride ion sug- 
gested the possibility that  the induction period was due t o  the presence of an  
impurity (particularly chloride ion) and that  the end of the induction period 
represented depletion of this depolarizer. However, prolonged electrolysis (up 
to  1; hr.) a t  2 a m ~ . / d m . ~  failed to attain the second increase of polarization 
when 0.16 mgm./liter chloride was present; with increase of the current density 
to  3 a n ~ p . / d m . ~  the increase of polarization occurred after 10 min. When a 
fresh cathode was inserted and the current density restored to 2 a m p . / d ~ n . ~  
the normal induction period was again observed. type of behavior, which 
was observed several times, does not indicate consumption of a depolarizer 
during the induction period. 

I t  is interesting t o  note that  the second increase of polarization could be 
proiuoted readily a t  3 amp./dm."vith 0.16 mgm./liter chloride, but required 
4 a m ~ . / d m . ~  when 0.3 mgm./liter chloride was present. Also, if the higher 
polarization were induced by a higher current density in the presence of 0.3 
mgm./liter chloride, it could also be attained when the current density was 
restored to 2 amp./dm."rovided current flow was not interrupted. With 
0.16 mgm./liter chloride, similar procedure allowed the second polarization 
increase to occur a t  the lower current density even after short periods of 
current interruption. 

The  behavior summarized briefly above apparently had no relation to the 
surface condition of the cathode. Cathodes were prepared with quite different 
surface grain sizes, by ~ol ishing and etching and by deposition a t  current 
densities of 1.0, 2.0, and 3.0 amp./dm2. There were no significant differences in 
the polarization-time curves with the different cathodes in a n  electrolyte 
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.AUAI\IEK A N D  W I N K L E R :  GLUTAMIC ACID $37 

containing 200 mgm./liter glutamic acid and with a current density of 2 
a m p . / d ~ n ~ .  

The effect of chloride on the polarization was investigated further with 
cathodes that  were given the usual standard surface, after which they were 
subjected to  deposition from electrolyte containing glutamic acid (200 mgm./ 
liter) until the polarization had attained its maximum value. The cathode was 
then transferred to fresh electrolyte containing both glutamic acid and 
chloride, where it was allowed to remain for various immersion times before 
current flow was begun. The  results for several immersion times a t  given 
chloride concentration, and for several chloride concentrations a t  zero immer- 
sion time, are shown in Figs. 1C and ID.  The behavior, in general, suggests 
two competitive processes, one of which tends to increase, the other to decrease 
the polarization. 

The effect of halides, other than chloricle, on the polarization in the presence 
of glutamic acid was also studied, but  the results will not be presented in detail. 
I t  suffices to  mention that  fluoride ion had no effect whatever, which is reminis- 
cent of its behavior when gelatin was the addition agent (12), whereas both 
bromide and iodide ions reduced the polarization in a manner similar to 
chloride, although with less effectiveness. With iodide, the decrease in polariza- 
tion was followed by  an increase as electrolysis was continued. 

The change in concentration polarization brought about by the presence of 
glutamic acid in the electrolyte was estimated by the method outlined in a 
previous paper (13). Briefly, it consisted of measuring with a calibrated oscillo- 
scope the extent of relatively slow polarization decay when current flow through 
the Haring cell mas interrupted. 

When the polarization in the presence of glutamic acid was allowed to  attain 
its nlaximunl value before electrolysis was stopped, the concentration polariza- 
tion was linearly related to the glutamic acid concentration: 

Glutamic acid conc. 
(mgm. /liter) 

Concentration polarization 
(mv.) 

On the other hand, decrease of the copper sulphate concentration from 
125 gm./liter to 60 gm./liter, or the sulphuric acid concentration from 
90 gm./liter to 45 gm./liter, in the presence of 200 mgm./liter glutamic acid, 
had no effect on the concentration polarization. 

Concentration polarization during tlie induction period in electrolyte con- 
taining 200 rngm./liter glutamic acid was approximately 30 mv. 

Addition of a small amount of chloride (e.g. 1 mgm.), with 200 mgm./liter 
glutamic acid resulted in a decrease of concentration polarization to values 
comparable with the value obtained in the absence of addition agent. 

I t  is of particular interest to  note tha t  the quantity PT - ( P C  + P B )  is 
essentially constant, where 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



938 CANADIAN JOURNAL OF CHEMISTRY. VOL. 32 

PT = Total steady state polarization in the presence of glutamic acid. 
PC = Concentration polarization following the induction period.? 
PA = Total polarization during the incluction period. 

The behavior is illustrated in Fig. 2B. Extrapolated values of the concentration 
polarization were used for glutanlic acid concentrations below 40 mgm./liter. 

The changes in polarization brought about by several con~pounds related to 
glutamic acid were studied in an electrolyte containing 125 gm./liter copper 
sulphate, 90 gn~./l i ter sulphuric acid, and 200 mgm./liter of the addition agent. 
The compounds studied were glycine, a-amino-n-butyric acid, a-amino-n- 
valeric acid, serine, /3-phenylalinine, leucine, valeric acid, glutaric acid, and 
aspartic acid. Briefly summarized, the results indicated that mono-amino 
dicarboxylic acids (aspartic and glutamic) are much inore effective as addition 
agents than the mono-amino monocarboxylic acids. Also, it would appear that 
in an hoinologous series of amino acids of increasing chain length (glycine, 
a-amino butyric, a-amino valeric, and also aspartic and glutamic), the effective- 
ness as  an addition agent increased with chain length. Glycine and a-amino 
butyric had relatively little effect on the polarization and failed to produce the 
second increase in polarization that was characteristic of the other amino acids 
studied. Valeric and glutaric acids were without effect on the polarization, 
serine gave an initial increase (40 mv.) which gradually returned to the stan- 
dard state value, and 0-phenylalinine gave a gradual increase that  eventually 
amounted to  about 40 mv. 

DISCUSSION 

The  rapidity of the first increase of polarization in the presence of glutamic 
acid, together with the relation between the polarization during the induction 
period and the concentration of glutarnic acid (Fig. 2A), suggest that  adsorp- 
tion of some species on the active centers of the cathode is responsible for the 
increase in polarization to the induction period plateau. Since the length of the 
induction period was found to  be independent of the surface for surfaces pre- 
pared in the absence of glutamic acid, but not for surfaces prepared in its 
presence, the indications favor a copper-glutamic colnplex as the adsorbed 
species. Further, the complex involved would probably be with cuprous ionY 
if deposition is assumed to  occur by  a sequence of single electron transfers (2) 
from the cathode 

Cu++ + e -+ Cu+, [I1 
Cuf + e + C u ,  [21 

or by the first of these followed by  a chemical change (dismutation) on the 
surface (lo), 

2 CU+ -+ cu + CU++. [31 
The second increase in polarization following the induction period suggests 

initiation of a new process corresponding to a higher deposition potential. 

2PC ~ t ~ a y  be regarded a s  the s l im of the conce?ttratio?l polarieatio?t (practically indepe7tdent of 
glu~nat ic  acid conce?ttration) during the ind~bction period n t ~ d  a n  increment iit co?tcenlratio?~ polar- 
ization (dependent upon  addition agent concentration) following the induction period. 

3111 the absence of oxygeit, a light blue color developed in a sokilion of czipro~cs chloride l o  which 
glutanlic acid was added. 
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There are several indications that this might be a consequence of cuprous ion 
depletion adjacent to  the cathode face. With passage of current several factors 
tend to reduce the cuprous ion concentration in the cathode film below the 
value determined in the absence of current flow by the equilibrium Cu++. 
+ Cu F?2 Cu+. These include increase of current density and decreaseof 
copper sulphate concentration, for obvious reasons, together with decrease of 
temperature, which operates by reducing the rates of diffusion and convection 
into the film and by altering the equilibrium constallt of reaction (4). These 
same factors have been found to decrease the induction period during deposi- 
tion in the presence of glutamic acid. I t  will also be recalled that the concen- 
tration polarization was considerably higher after, than during, the induction 
period, and that  the concentration polarization after the induction period was 
observed to increase with increase of glutamic acid concentration. This 
behavior might be expected if cuprous-glutarnic cornplex formation occurred, 
as suggested previously, with an accompanying decrease in cuprous ion 
concentration. 

While, as indicated by these arguments, the induction period appears to be 
associated with depletion of cuprous ions, a reasonable explanation has ,not 
been found on this basis for the observed large variations in induction period, 
particularly with change of sulphuric acid concentration. However, attempts 
to  interpret the induction period from other points of view, such as adsorption 
phenomena, appear to encounter equally formidable difficulties. 

Whatever might be its cause, it is suggested that  the second increase of 
polarization initiates the discharge of cuprous-glutamic complexes, a t  a 
potential corresponding to the steady state polarization. Accordingly, the 
steady sta;e polarization ( P T )  might be regarded as the sum of: 

(a)  polarization corresponding to the potential level of the induction 
period (PA) ,  postulated to involve adsorption of copper-glutamic 
complexes, 

(b) concentration polarization ( P C )  following the induction period, 
( c )  polarization due to discharge of complexes following the induction 

period. 
The value of (c )  alone, given by PT - ( P C  + P A ) ,  should then be independent 
of the glutamic acid concentration. This was indeed found to be essentially 
true (Fig. 2B). 

The very small quantities of chloride ion necessary to reduce markedly the 
polarization in the presence of glutainic acid, together with the high rate with 
which the polarization is reduced, do not encourage the view expressed in 
previous papers that  chloride exerts its influence through a corrosion type of 
process. An alternative suggestion is that chloride ion might facilitate electron 
transfer by acting as an electron "bridge", in the manner suggested by Hey- 
rovsky (10) to account for the accelerated deposition of zinc on a mercury 
cathode in the presence of chloride ion. In  the present system, the electron 
"bridges" might be assumed to facilitate electron transfer from the cathode to 
copper-glutamic complexes on the surface or to operate between complexes 
to promote their decomposition, 
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2 [Cu - Glutanlic]+ + Cu++ + Cu + 2 [Glutamic]. 

Fa i lu re  of the  fluoride ion to funct ion in t h e  m a n n e r  of the o t h e r  halides to  
reduce t h e  polarization c a n  be ascribed s i m p l y  t o  its relat ive u n p ~ l a r i z a b i l i t ~ .  

Obviously,  the decrease i n  polar izat ion b r o u g h t  a b o u t  by chloride ion when  

gelat in  is the addi t ion  a g e n t ,  t h o u g h  n o t  t h e  subsequent  increase at higher 

chloride concentrat ions,  might be explained in a s imilar  w a y ,  b y  assuming  

adsorp t ion  of copper-gelatin conlplexes. I t  m u s t  be emphas ized ,  however ,  t h a t  
g lu tamic  acid a n d  gelat in  differ cons iderab ly  in their behavior  as addi t ion  

agents .  It is hoped that  s tud ies  now in progress  w i t h  other s imple  c o m p o u n d s  

which produce  addi t ion  agent effects more closely s imula t ing  those of gelat in  

will p e r m i t  s t ronger  convict ions a b o u t  t h e  impor tance  of complex  f o r m a t i o n  

i n  s y s t e m s  conta in ing  gelatin. 
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PHTHALIDE FORMATION 
111. CONDENSATIONS WITH 5-HYDROXY-2-METHYLBENZOIC ACID' 

ABSTRACT 

The product obtained from the condensation of 5-hydroxy-2-methylbenzoic 
acid with aqueous formaldehyde and hydrochloric acid is dependent on the 
temperature. If the condensation is carried out a t  room temperature 3-hydroxy- 
6-methylphthalide results. This substance can also be obtained by the demethyla- 
tion of 3-methoxy-6-methylphthalide. If the condensation is carried out a t  the 
boiling point the lactone of 8-hsdroxyrnethyl-1,3-benzodiosane-6-n1ethyl-7- 
carboxylic acid results. Proof of the presence of the m-dioxane and phthalide 
rings in this latter substance has been established by opening these rings in 
succession. I n  both cases this has led by a series of degradative steps to  4- 
methoxybenzene-1,2,3,5-tetracarbo~~lic acid. The structure of this acid has been 
confirmed by its synthesis in six unan~biguous steps from mesitylene. 

INTRODUCTION 

When 5-hydroxy-2-methylbenzoic acid (I) is condensed with aqueous for- 
maldehyde and hydrochloric acid a t  room temperature 3-hydroxy-6-methyl- 
phthalide (11) is obtained. However when the condensation is carried out a t  
the boiling point the lactone of 8-hydrox~~methyl-l,3-benzodioxane-6-methyl- 
7-carboxylic acid (111) is produced. The  phthalide (11) has also been formed 
by demethylation with hydriodic acid or aluminum chloride of 3-n1ethoxy-6- 
methylphthalide (IV) prepared according to the directions of Charlesworth 
et al. (2). 

The structure of the dioxanylphthalide (111.) has been established from its 
preparation by further condensatioil of the phthalide (11) and also by the 
opening of the m-dioxane and phthalide rings in succession, with a study of the 
degradation products resulting therefrom. When the dioxanylphthalide (111) 
was oxidized with chromic oxide and acetic acid, the methylene ether - ester 
(V) was formed. On alkaline hydrolysis of V a molecule of formaldehyde split 
out and the bydroxy acid (VI) was produced. This could be readily methylated 
to  VII.  The  free carboxyl groups of either VI or VII could be removed by 
heating with quinoline and copper chromite to  yield the aforementioned 
phthalides I1 and IV respectively. By oxidation with alkaline permanganate 
a t  60°C. the phthalide ring of VII was opened and the tricarboxylic acid (VIII) 
was formed. On more drastic oxidative treatment, the methyl side chain was 
attacked and the final tetracarboxylic acid (IX) was obtained. 

If the dioxanylphthalide (111) was oxidized originally with alkaline per- 
mangallate, the dioxane ring is left intact and the phthalide ring was opened to  
produce the dioxanylphthalic acid (X). This acid readily formed the anhydride 
(XI) and the imide (XII).  The acid (X) on treatment with chromic oxide and 

lManz~script received J u n e  7, 1954. 
Contribtition from the Departnzenl of Chenzistry, Ihe University of hfanitobn, TYi?z?tipeg, Ian .  

For Part I I  in this series, see Can. J .  Chem. 31: 65. 1953. 
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cop 

0- NH- Co 

c o p  

0 

I COIH 
l X  

acetic acid gave the lnethylene ether - ester (XII I )  which on alkaline hydroly- 
sis lost formaldehyde and formed the hydroxytricarboxylic acid (XIV). 
Methylation of XIV  gave the previously obtained acid (VIII). 

The  structure of the acid (IX) has been confirmed by its synthesis in six 
unambiguous steps from mesitylene. Bromomesitylene (XV) was methylated 
by treating its Grignard derivative with methyl sulphate to  give isodurene 
(XVI).  The  sulphonic acid (XVII) of isodurene was oxidized with alk a 1' ~ n e  
permangante to  yield the tetracarboxylic sulphonic acid (XVIII).  Fusion with 
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potash gave the phenolic tetracarboxylic acid (XIX) and methylation 4- 
methoxybenzene-1,2,3,5-tetracarboxylic acid identical with the degradative 
acid (IX). 
Since the publication of Par t  11 ( I )  the hydrolysis of the lactone of 6-hydroxy- 
methyl-8-1nethyl-l,3-benzodioxane-4-one-5-carboxylic acid has been accom- 
plished to  yield 5-hydroxy-4-methylpllthalide-6-carboxylic acid, m.p. 195OC. 
This has been reported also in the meantime by Duncanson, Grove, and Zealley 
(3) in connection with their work on gladiolic acid. 

EXPERIMENTAL 

Most of the 2-methylbenzoic acid used in this research was prepared by the 
oxidation of 0-xylene by dilute nitric acid as described by Zaugg and Rapala 
(9). 5-Hydroxy-2-methylbenzoic acid (I), 5-methoxy-2-methylbenzoic acid 
(II) ,  and 3-methoxy-6-methylphthalide (IV) were made as described by  
Charlesworth et al. (2) in the first paper of this series. 

This product was formed by the demethylation of the corresponding 
methoxyphthalide (111). Two methods were employed: 

(a) A mixture of 3-methoxy-6-n~ethylphthalide (2.0 gm.), hydriodic acid 
(20 ml., sp. gr. 1.7) and red phosphorus (5.0 gm.) was refluxed gently under an  
atmosphere of nitrogen for three hours. The  solid material was filtered off, 
washed with water, and dissolved in hot alcohol (charcoal). The hydroxy- 
phthalide was crystallized from the alcohol in fine colorless needles (0.8 gm.) 
which melted a t  223-224OC. 

(b) A mixture of 3-~nethoxy-6-methylphthalide (1.1 gm.) and anhydrous 
alunlinum chloricle (2.7 gm.) in dry benzene (40 ml.) was refluxed on a water 
bath for 10 hr. The solid was filtered off, washed with water, and dried. On 
crystallization from alcohol, needles (0.5 gm.) which melted a t  223-224OC. 
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were obtained. The con~pound was very soluble in alcohol, acetone, ether, and 
hot sodium hydroxide solution. I t  was i~~soluble  in water ancl 5% sodi~ll11 
bicarbonate solution. On warming this substance with resorcinol and concen- 
trated sulphuric acid followed 11>7 soclium hydroxide solution, the greenisli 
fluorescence characteristic of the phthalide ring developed. F O U I I ~ :  C, 65.8; 
H,  4.98%; mol. wt., 168. Calc. for CSHBOB: C', 65.8; H ,  4.88%; 11101. wt., 164. 

The above hydroxyphthalide can also be obtained by allowing a well 
shalien mixture of 5-hydroxy-2-meth~~lbenzoic acid, formaldehyde solution, 
and concentrated hyclrochloric acid to stand overnight a t  room temperature. 
The solid then on top of the liq~iid layer was filtered off, washed, and crystal- 
lized from alcohol. I t  melted a t  223-224OC. with 110 depression on mixing with 
the above samples. 

If a sample of the hydroxyphthalide was refluxed with formaldehyde solu- 
tion and concentrated hydrochloric acid i t  was converted to the dioxanyl- 
phthalide (111) m.p. 171-172°C. 

The Lactone of 8-Hydroxymethyl-l,3,-benzodioxa~e-6-methyl-7-carboxylic Acid 

(111) 
A mixture of 5-hydroxy-2-methylbenzoic acid (30 gm.) and formaldehyde 

solution (300 rill., 40%) was heated in a 2 liter flask over a wire gauze until the 
acid just dissolved. At  this point concentrated hydrochloric acid (300 ml.) was 
added through the top of the reflux condenser and the mixture was boiled. In 
the first few minutes of heating after the addition of the hydrochloric acid, a 
flocculent white precipitate separated, a small sample of which was removed 
and found to  be the above hydroxyphthalide (11) m.p. 223-224°C. As the 
boiling continued, the flocculent precipitate dissolved and then a second 
product separated in the form of light brown granules. After a total of one 
hour's boiling the mixture was cooled and the crude dioxanylphthalide (30 gm.) 
filtered off. I t  was dissolved in boiling alcohol (ca. 2 liters) and filtered from a 
little insoluble material. On cooling, the dioxanylphthalide separated as  coarse, 
white needles which melted a t  171-172OC. A small sample was recrystallized 
for analysis from acetone from which it separated in characteristic long needles. 
Found: C ,  64.0; H, 4.91%; mol. wt. ,  204. Calc. for CllH1004: C ,  64.1 ; H,  4.89%; 
mol. wt., 206. I t  gives the phthalide test with resorcinol and concentrated 
sulphuric acid. When the sample was warmed with phloroglucinol and strong 
sulphuric acid a reddish precipitate was formed which Mehta and Ayyar (6) 
have used to  confirm the m-dioxane ring. 

The Lactone of 8-Hydroxymethyl-6-methyl-I ,S-benzodioxane-4-one-7-ca~boxylic 
Acid (V) 

The dioxanylphthalide (111) (10 gm.) was dissolved in warm glacial acetic 
acid (250 ml.). The  reaction flask was cooled externally with cold water, and 
finely ground chromium trioxide (15 gm.) was added with stirring a t  such a 
rate that  the temperature was maintained a t  65-70°C. When the reaction 
appeared to be complete the mixture was diluted with water to a volume of 
2 liters and allowed to  stand overnight. White, fluffy needles (2.5 9.111.) separ- 
ated which were filtered off, dried, and recrystallized from acetone. The white 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CH.4RLESWORZ'H ET AL.: PHTHALIDE FORMATION. I11 945 

neeclles thus obtained melted a t  184-185°C. Found: C ,  60.4; H, 3.64%. Calc. 
for CllHE05: C,  60.0; H ,  3.65%. 

3-ITydroxy-6-methylphthalide-4-carboxylic Acid  (VI) 

A mixture of the above methylene ether - ester (V) (5.0 g~n . )  and sodi~im 
hydroxide solution (50 ml., 10%) was refluxecl for one hour. A homogeneous 
solution gradually developed with the evolution of formaldehyde. The  reaction 
mixture was cooled, filtered, and acidified with concentrated hydrocl~loric acid. 
The  precipitate thus obtained was filtered off and driecl. On recrystallizatioil 
froin water the acid was obtained as a white powder (4.0 gm.) ~vhich melted 
a t  238°C. and which gave a dark violet color with 1% ferric chloride solution. 
Found: C,  57.6; H ,  3.957,. Calc. for Clc.HEOs: C ,  57.7, H. 3.87%. 

3-Methoxy-6-methylplztlzalide-4-carboxyc A c i d  (VI I )  

The hydroxy compound (VI) (7.5 gm.) was methylated in the usual manner 
with methyl sulphate and sodium hydroxide solution. After it was boiled with 
excess sodium hydroxide solution to hydrolyze any methyl ester, the mixt~ire 
was acidified with llydrochloric acid. The  crude acid (7.0 gm.) was twice 
recrystallized from water, from which it separated in white needles (6.0 gin.) ; 
these nlelted a t  150-151°C. and gave no phenolic test with ferric chloride 
solution. Found: C,  59.6; H ,  4.477,; neut. equiv., 218. Calc. for Cl1HloOj: 
C, 59.5; H ,  4.547,; neut. equiv., 222. 

3-Methoxy-6-metl~ylphthalide (IV) 

The  above 4-carboxylic acid (VII) (1.0 gin.) was decarboxylated by heating 
a t  180°C. for 15 min. with quinoline (15 ml.) and copper chromite (0.01 gm.). 
The mixture was cooled and poured into 107, l~ydrocl~loric acid (150 ml.). 
The phthalide separatecl as  white needles which were crystallized froin alcohol. 
They meltecl a t  165-166°C. and showed no depression of melting point on 
being mixed with a sample of the phthalide produced by the method of 
Charlesworth et al. (2) from 5-inethoxy-2-methylbenzoic acid. 

If a similar decarboxylation with quinoline and copper chromite was carried 
out on the hydroxy acid (VI), the hydroxyphthalide was obtained, which 
melted a t  223-224°C. and with no depression on being mixed with an authen- 
tic sample (11), described earlier in this section. 

1 -iMethyl-4-methoxy be~zene-2,~,5-tricarbox~lic A c i d  (VI I I)  

A solution of the above methoxyphthalide (VII) (3.0 gm.) in 3.5% aq~ieous 
potassium hydroxide solution (200 ml.) was heated a t  60°C. and stirred while 
potassium permanganate solution (105 ml., 0.27 M) was added over a period of 
one hour. Excess permanganate was decomposed with sodi~im bisulphite and 
the manganese dioxide removed by filtration. The  filtrate was acidified with 
sulphuric acid and the resulting precipitate (2.0 gm.) collected. On crystalliza- 
tion from 50% acetic acid it nlelted a t  238°C. Found: C ,  52.0; H ,  4.097,; neut. 
equiv., 83.3. Calc. for CllH1007: C, 52.0; H ,  3.96%; neut. equiv., 84.7. 

4-Methoxybenzene-1,2,3,4-tetracarboxylic A c i d  ( I X )  
The  previous methyl tricarboxylic acid (VIII) (1.0 gm.) was dissolved in 5% 

aqueous potassiunl hydroxide solution (80 ml.). The  solution was heated on a 
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steam bath and stirred while potassium per~nanganate solution (242 rnl., 
0.1 17 AI) was added over a four hour period. The  excess permanganate was 
decomposed with bisulphite and the manganese dioxide filtered off. The 
filtrate was evaporated to a small volume, refiltered, and acidified wit11 
concentrated sulphuric acid. The  solution was extracted with three successive 
50-ml. portions of ethyl acetate. The extract was evaporated to dryness and 
the residue recrystallized from acetic acid. The tetracarboxylic acid 
(0.3 gm.) melted a t  167-168" with effervescence. Found: C, 45.8; 11, 3.00%; 
neut. equiv., 69. Calc. for CnHs09:  C, 46.5; H ,  2.83%; neut. equiv., 71. 

There was no depression of melting point when the above acid was mixed 
with an authentic sample of 4-methoxybenzene-l,2,3,,4-tetracarboxylic acid 
synthesized from mesitylene as described below. 

Isodurene Sz~lphonic Acid (XVII) 

Isodurene (XVI) was prepared by.  the Grignard methylation of bromo- 
mesitylene (XV) according to  the directions of Smith (7). The isodurene was 
then sulphonated as  described by Smith and Cass (8). 

4-Hydroxybenzene-l,2,3,5-tetracarboxylic Acid (XIX)  

The directions given below are a modification of methods outlined in French 
(4) and German (5) patents for the oxidation and fusion of pseudocumene-5- 
sulphonic acid. 

Isodurene sulphonic acid (15 gm.) and potassium hydroxide solution (5.5 gm. 
in 250 ml. of water) were placed in a 1 liter three-necked flask equipped with a 
reflux condenser and stirrer. The flask was heated to 90°C. by a mantle and 
during vigorous stirring, powdered potassiunl permanganate (62.8 gm.) was 
added a t  such a rate that  the temperature did not exceed 95°C. After the 
addition was complete the oxidation was continued a t  the stated temperature 
for a further 24 hr. Excess perrnanganate was decolorized with alcohol. The 
manganese dioxide was filtered and washed with two 150-ml. portions of boiling 
water. The resulting yellow solution was evaporated to dryness and the residue 
(15 gm.) pulverized. The bulk of the potassium salt was not purified further, 
but  used in the next stage. A small portion of the potassium salt was acidified 
and extracted with ethyl acetate; the solvent was evaporated and the residue 
dissolved in a small quantity of hot water. On cooling, the sulphonic acid 
(XVIII) m.p. 238°C. was obtained, but  it was not examined further. 

The crude potassium salt of the sulphonic acid (14 gm.) was mixed with 
potassium hydroxide (40 gm.) and water (5 1111.) and fused a t  200-220°C. for 
five hours in a nickel crucible. The melt was then cooled to a slush, mixed with 
water (60 ml.), and acidified with concentrated hydrochloric acid. Water 
(150 ml.) was added and the mixture heated to  boiling and filtered. The filtrate 
was evaporated to  dryness and the residue recrystallized from 5% l~ydrochloric 
acid (60 n11.). The hydroxy tetracarboxylic acid (6 gm.) melted a t  281-282°C. 
Found: C ,  44.4; H, 2.35%. Calc. for C10H609: C, 44.0; H, 2.26%. 

4- Methoxybenzene-l,2,3,5-tetracarboxy ylic Acid 

The phenolic carboxylic acid (XIX)  (4.0 gm.) was dissolved in sodium 
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hydroxide solution (25 ml., 10%) under an inert atmosphere (propane). 
Methyl sulphate (5 ml.) was added a t  such a rate that  the temperature did not 
rise above 40°C. Three additional portions (5 ~n l . )  of methyl sulphate were 
added under the same conditions, along with solicl sodium hydroxide to always 
maintain an alkaline solution. The solution was allowed to stand overnight and 
finally boiled to destroy excess methyl sulphate and to saponify any ester. 
Precipitated sodium sulphate was filtered off and the acidified solution was 
extracted with three portions (15 ml.) of ethyl acetate. Purification of the crude 
acid obtained by evaporation of the solvent was difficult. I t  was dissolved in 
sodium bicarbonate solution, filtered to remove insoluble material, and 
decolorized with charcoal. The solution was acidified with h~~drochloric acid 
and extracted with ethyl acetate as before. Repetition of this process gave a 
product (1.3 g~n . )  which melted a t  164-166°C. and was identical with the 
product (IX) obtained previously by oxidative degradation. Found: C, 46.1; 
H,  2.98y0. Calc. for CllH8O9: C, 46.5; H ,  2.83%. 

The tetraphenacyl ester of this acid was made in the usual manner by treat- 
ment of its sodium salt with ~henacyl  bromide. On crystallization from alcohol 
it melted a t  189-190°C. with previous softening and darkening. Found: C, 
68.0; H,  4.27y0. Calc. for C43H32013: C, 68.2; H ,  4.25y0. 

G-Methyl-I ,3-benzodion-ane-7,8-dicarboxylic Acid (X) 

The procedure followed was the cold oxidation method of Charlesworth, 
Anderson, and Thompson (1). If the oxidation is carried out a t  higher tem- 
perature, around 60°C., this phthalic acid could not be isolated. 

The dioxanylphthalide (111) (6.0 gm.) was dissolved in warm potassium 
hydroxide solution (300 ml., 3.5%). The solution was filtered and cooled in an 
ice-water bath. The temperature was maintained a t  5-10°C. while a solution 
of potassium permanganate (24 gm.) in water (700 ~nl . )  was added over a 
period of one hour. The resulting solution was allowed to  regain room tem- 
perature and to stand overnight. The manganese dioxide was filtered off, 
washed with water, and the combined filtrates made just acid with hydro- 
chloric acid with litmus as indicator. The solutioil was evaporated a t  a tem- 
perature of 65°C. to a volume of about 100 ml. After the solution was cooled, 
the separated solid, a mixture of organic and inorganic material, was filtered 
off. The acidic organic material was dissolved in 5% aqueous sodium carbonate 
solution and filtered. On acidification a dark brown powder (1.5 gm.) precipi- 
tated, which was crystallized from dilute alcohol. The light yellow crystals 
melted a t  223-224°C. with effervescence. Found: C, 55.3; H, 4.16y0. Calc. for 
C1lHjCOB: C, 55.1; H, 4.20%. 

If a t  any time a solution of the phthalic acid became sufficiently acid to 
darken Congo red paper, only a darlc brown tar was precipitated. Presumably 
the dioxane ring has opened under the influence of the strong acid and some 
sort of polymer has resulted. This tar could be converted to the phthalic acid 
by being boiled with 10 times its weight of lOyo sodiuill hydroxide solution 
and then carefully acidified. 
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T h e  Anhydr ide  (XI)  and I m i d e  (XII )  of 6-Arlethyl-1,3-benzodio~ane-7,~- 
dicarboxylic Ac id  

A mixture of the above phthalic acid (X) (2.0 gm.) and acetic anhydride 
(20 ml.) was heated on the water bath for one hour. The  solution was filtered 
and allowed to  stand in the refrigerator for 24 hr., when the anhydride separ- 
ated as stout needles (1.3 gm.) of light brown color. These were crystallized 
from dry toluene and melted a t  130°C. 

An intimately powdered mixture of the anhydride (2.0 gm.) and urea 
(2.0 gm.) was heated in an oil bath a t  160" until the evolution of ammonia 
ceased. The molten mixture was poured into boiling water (1 litel-) in which 
it quickly dissolved. Upon cooling the phthaliinide separated as orange plates 
(1.2 grn.) which were crystallized from Soy0 alcohol. The imide melted a t  
162°C. Found: C,  60.9; H ,  4.13y0. Calc. for CllH904N: C,  60.3; H ,  4.12%. 

Degradation of 6- Methyl-1 ,S-benzodioxane-7,8-dicarboxylic A c i d  ( X )  to I - 
Methyl-4-rnethoxybenzene-2,3,5-tricarboxylic A c i d  (VIII) 

The dioxanylphthalic acid (X) (3.0 grn.) was dissolved in glacial acetic acid 
(80 ml.) and oxidized with chromic oxide a t  65-70°C. by the method described 
above for the oxidation of the dioxanylphthalide (111). At  the end of the 
oxidation water (600 rnl.) was added and the solution evaporated in vacz~o to 
dryness. Acidic organic material was dissolved by digestion with 5% sodiuin 
carbonate solution (50 rnl.) and the resulting solution was then filtered off. 
Careful acidification of the filtrate gave the crude dioxanonephthalic acid 
(XIII)  in the form of a brown tar. I t  was not possible to purify this further 
without hydrolysis of the dioxanone ring, so this was accomplished by boiling 
the tar for one hour with 10% aqueous sodium hydroxide (30 n~l . ) .  Acidifica- 
tion gave a small amount of light brown powder which gave a purplish color 
with ferric chloride solution and was the hydroxy acid (XIV). I t  was not puri- 
fied further, but  was rnethylated in alkaline solution in the usual manner. Upon 
acidification a small a ~ n o u n t  of light brown powder, rn.p. 229°C. was obtained. 
I t  was recrystallized from 50% acetic acid and melted a t  234°C. A mixed melt- 
ing point with a sample of the methoxy tricarboxylic acid (VIII) previously 
described gave no depression. 
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AROMATIC HYDROXYLAMINES AS ORGANO-ANALYTICAL 
REAGENTS1 

ABSTRACT 

'The investigation of the use, as analytical precipitants, of a number of 
aromatic phenyll~ydrosylamines is described. In general they react similarly, 
increasing in selectivity with an increase in acidity of the oxime group. In acid 
solutions (lye or more) only vanadium, tin, titanium, and zirconiun~ are 
precipitated. Their variation in reaction with copper and the nature of their 
reaction with tin are described. All conlpounds can act as osidants or reductants 
with an oxidation potential of approsimately -1.2 volts. 

INTRODUCTION 

The  use of cupferron [C6H5NO(NH4)NO] as an analytical precipitant was 
first proposed by Baudisch (1). I t  is most useful in acid medium for the 
quantitative precipitation of iron, titanium, zirconium, vanadium, and tin; 
elements such as aluminum, chromium, manganese, nickel, cobalt, and the 
alkaline metals with which they are usually associated do not interfere. A 
marked disadvantage of cupferron, however, is its instability. In addition, 
complexes precipitated by this reagent cannot be weighed as such but  must 
be ignited to  the oxides.* 

Schonle (4), by substituting a benzoyl for the nitroso group of cupferron, 
obtained a co~npound that  was stable, and formed conlplexes with iron, 
alunlinum, and copper that  could be dried a t  llO°C. Ryan and Lutwick (3) 
extended the use of N-benzoylphenylhydroxylamine to the gravimetric 
determination of tin. The tin complex was dried a t  llO°C. and weighed as 
[ ( C ~ ~ H ~ O N O Z ) Z S ~ C I ? I .  

The low solubility of the N-benzoyl derivative of phenylhydroxylamine in 
water necessitates close control of excess reagent and its basicity prevents the 
preparation of an ammonium salt. For these reasons a number of N-substit- 
uted phenylhydroxylan~ine compounds, containing a carbonyl alpha to  the 
oxime, were prepared and their reactivities investigated. 

COMPOUNDS INVESTIGATED 

The  following (mono-) N-derivatives of phenylhydroxylamine were pre- 
0 0 

1 1  Il 
pared: benzoyl (C6H5C-), 0-ethoxybenzoyl (C8HBOC-), a-naphthoyl 

lAlanzrscript received Jzme 11, 1954. 
Contribution from the Department of Chemistry, Dalhousie University .ruitlt$nancial assistance 

from the Natio7zal Research Coz~ncil. Abstracted frow the Af.Sc. thesis of G. D. Lz~twick. Presented 
at the Annzml Conference of the Chemical Institz~te of Canada, Toronto, June,  1954. 

'Dzlval has shown that the czrpferrates of iron (Anal .  Chim. Acta, 5: 160. 1951) and copper 
(Anal.  Chim. Acta, 6: 47. 1958) are the most stable of the czbpferro?z co::zplexes and that they nray 
be brought to constant weight. Their zrsefz~lness as weighing forms, however, is qz~estio?zable as the 
iron complex decontposes very rapidly above 98°C. whilst the copper cornpoz~nd i s  not stable abooe 
107°C.; it  zs still advisable to ignite these complexes lo the oxide. 
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I I I I I1 
(C6H3CI2C-), 0-iodobenzoyl (C6H41C--), a-furoyl (C~HBOC-), benzene- 

0 

sulphonyl (CGHSS-), and the benzoyl derivative of naphthylhydro~~lainine 
I 

0 
0 0-H 
II I 

(C6H5-C-N-CI0H7). These compounds were prepared by the addition 
of their acid chlorides to phenylhydroxylamine in an ether solution 
containing pyridine (2); 0.05 moles of the hydroxylamine was present in 
excess of the theoretical in order to decrease the yield of the di-compound 

0 
I I 

[(R-C-)20NC6H5] The compounds were purified by recrystallization from 
a water-ethanol solution. 

Physical Properties 
Table I shows the physical properties and structural formula of these 

compounds. They are soluble in most organic solvents but only slightly 
in water, the benzoyl derivative showing the highest solubility. The melting 
points are higher than that of N-benzoylphenylhydroxylamine with the 
exception of the 0-ethoxybenzoyl-derivative; the melting of these coinpounds 
is accompanied by decomposition, the material becoming red then black. 
They can be stored without a preservant for two years or more without any 
decomposition; this stability is a marked advantage over cupferron. 

C,lzernicalT Properties 
Similar reactions were shown by the compounds of Table I ;  the benzene- 

sulphonyl derivative did not react. The reactions were carried out by adding 
1 ml. of a 1% alcohol solution of the conlpound under investigation to 100 
mgm. of the metal ion in 10 ml. of an acidic and a neutral solution. No color 
or precipitate was noted with the following: C r ' ,  Co'., Zn", Cd", Ni", M g ,  
Bi"', Ag., Hgp'., and Moo4/'. In neutral solutions Mn.', Pb", and Al"' formed 
white precipitates, UOa'. yielded a yellow precipitate, (211" a greenish-yellow 
precipitate, and Fe..' an orange precipitate. In solutions greater than 1 per 
cent in concentrated hydrochloric acid only Sn"", Sn", Ti..", Z i ' "  (Hf""), 
V"'.' (as V04"') reacted to  give precipitates. The tin and zirconium con~plexes 
are white, the titanium yellow, and the vanadium purple in color. 

Oxidation-reduction reactions were observed with Cr20j1', Mn04', V", 
and Ti'". In acid solutions the orange dichromate was reduced to the green 
chromic ion and the pink color of permanganate was discharged. The violet 
hypovanadous ion was oxidized in a t  least two stages passing through the C
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TABLE I 
PIIYSICAL PROPERTIES OF THE CO~IPOUNDS 

I I I 
Structural 

Conlpound fornlula 

N-O-Ethoxybenzoylphenyl- 
hydroxylarnine 

N-BenzoyIphenyl- 
hydroxylamine 

N-O-Iodobenzoylphenyl- 
hydroxylamine 

N-Naphthoylphenyl- 
hydroxylamine 

N-3,5-Dinitrobenzoylphenyl- 
hydroxylamine 

N-2,4-Dichlorobenzoylphenyl- 
hydroxylamine 

N-Benzoylnaphthyl- 
hydroxylamine 

White 

White 

White 

White 

Yellow 

White 

White 

White 
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green vanadous to the blue vanadyl; from a purple titanous solution the yellow 
titanic precipitate was formed. 

The  N-benzoylphenylhydroxylainine con~pound is too basic to permit 
the preparation of an ammoniu~n salt. The  enhanced acidity of the furoyl- 
compound enables such a salt to be prepared and aqueous reagent solutions 
are thus possible. 

Change of precipitant necessitated a change in acidity for complete precipi- 
tation of the common elements. Variations in the acid concentration did not 
markedly affect the precipitation of the zirconium and vanadium complexes 
by the different reagents. Vanadium (V) was compIetely precipitated in lODjo 
concentrated hydrochloric acid solution and zirconium (IV) in 5% by all 
compounds. 

The  vanadium complex precipitated by benzoylphenylhydroxylainine 
decomposed when heated a t  110'. Zirconium forined a complex with the 
empirical formula [Zr(C13H10N02)4] that  can be dried a t  110'. Titanium was 
completely precipitated by N-benzoylphenylhydroxylamine in a solution 
5% in concentrated hydrochloric acid (4); with the other compounds complete 
precipitation occurred in sol~rtions only as  high as  270 in hydrochloric acid. 
The complex of titanium was of a variable composition and it is thus not 
possible to dry to  constant weight. 

In order to investigate more closely the effects of these substituents, a 
cletailed investigation of the reaction with copper and tin was carried out. 
These two reactions were investigated as two different types of complexes 
are involved. 

T H E  COPPER REACTION 

Copper reacts with all these compounds by the displace~nent of the hydrogen 
of the oxime (shown by a decrease in the p H  of the copper solution on adding 
reagent) to  form a planar coinplex in which the copper is co-ordinatively 
bonded to the oxygen of the carbonyl. 

By measuring the lower pH limit for the complete precipitation of the copper 
the effect of substituents on the ability to  forin inner complexes was deter- 
mined. The results are shown in Table 11. 

The results show that  there is an increase in the pH required for complete 
precipitation of the copper with an increase in reagent acidity; the furoyl 
derivative, in which the nature of the ring is changed, is an exception. There- 
fore attempting to prepare more acidic reagents with this' reactive grouping 

0 OH 
I I 

(-C-N-CGHS) is not advantageous because the electrons in the carbonyl 
becoine so much less available for bonding that  precipitates would either not 
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TABLE I1 

pH of 1% solution Lowest pH for 
of reagent complete precipitation 
in  ethanol of copper 

form a t  all or would only be stable in a basic medium. For example consider 
the two conlpounds N-bei~zoylpl~enylhydroxylan~i~~e and N-3,5-dinitrobenzoyl- 
phenylhydroxylamine. 

I11 the nitro-conlpound there is a shift in the electron density towards 
these groups so that  although the coinpound becomes more acidic, the elec- 
trons on the oxygen of the carbonyl are less available for co-ordination. 

T H E  T I N  REACTION 

Cupferron reacts with tin by displacement of the hydrogen of the oxime to 
0 
I 

form SilCz and SnC4 (C is C&N - N = 0 )  type compounds. I t  was found 
on analysis that  the N-benzoylphenylhydroxylamine reacted with stannous 
and stannic tin to  form compounds containing chloride and were of the same 
percentage composition (3);  for every gram atom of tin there are two gram 
atoms of chlorine and two gram nlolecules of the reagent. The melting points 
of the dried stannous and stannic complexes were identical, 171°C., and 
mixed melting points gave no deviation. I t  is apparent that both stannous 
and stannic tin form the same complex; for this to  be true an oxidation- 
reduction reaction must take place with one of the two ions. 

The  question of whether an oxidation or reduction has taken place with these 
reagents has caused some difficulty. Analysis is not sufficient to  distinguish 
between the stannous and stannic conlplexes which differ only by two hydrogen 
atoms. Neither pH nleasurements for determining displacement of hydrogen 
as  the reaction procedds, nor tests for the oxirne grouping in the precipitated 
compound are suitable to  prove or disprove the presence of the oxi~ne hydro- 
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gen; the tin reaction must be carried out in a fairly acid solution to prevent 
the formation of metastannic acid and positive tests for the oxirne grouping 
with iron (111) were obtained for the copper complex. Original tests with the 

0 OCH3 
II I 

-0- methyl ether (CcH5C-N-CGH~) derivative indicated that displacement 
of hydrogen did not take place, but extended investigation has shown that 
precipitation does not occur with stannic or stannous tin. Attempts to prove 
reduction by testing for stannous tin and examination of filtrate for oxidized 
products of the reagents were unsuccessful. Consideration of the oxidizing 
and reducing properties of these reagents and the corresponding oxidation 
potentials shown in Table 111 suggests that  tin is reacting in the stannic 
state. 

TABLE 111 

System 
Standard 
potentials 

In Table 111 the strong oxidizing agents have high negative potentials, 
and the couple with the more positive potential will be oxidized more readily. 
On the basis of the oxidation-reduction reactions that these compounds enter 
into, their oxidation potentials are quite similar to the phenylhydroxylamine- 
aniline couple (-1.20 volts). The co-ordination number of stannic tin com- 
bined with the oxidation potentials of the reagents favor the formation of the 
following complex. 

The N-benzoyl derivative gave complete precipitation in solutions as  high 
as 8% in concentrated hydrochloric acid. The naphthoyl-,2,4-dichlorbenzoyl- 
phenylhydroxylamine and the benzoylnaphthylhydroxylamine gave complete 
precipitation in solutions 1% in concentrated hydrochloric acid, whereas the 
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remainder, 0-ethoxybenzoyl, 0-iodobenzoyl-, furoyl, and the 3,s-clinitro- 
benzoyl derivatives gave incomplete precipitation in such solutions. The 
effect on the tin reaction is inore markecl than that with copper; this is evident 
from a comparison of the tin 'and copper reactions with N-benzoylphenyl- 
hydroxylainine and 0-ethoxj~benzoylphenylhydroxylainine. 

CONCLUSIONS 

In the preparation of a more acidic reagent in which co-ordination occurs as  
well as  substitution, it is insufficient to consider only the effect of the sub- 
stituent on the acid grouping of the reagent; it is also necessary to consider 
the effect on the donor ability of the group which forms the co-ordinate bond. 
The use of substituents on the ring of the benzojd group of N-ben~oyl~henyl -  
l~ydroxylamine failed to improve on this reagent as a precipitant, rather it 
destroyed the favorable property of being able to precipitate tin from a fairly 
acid medium. 

The formation of the an~mon iun~  salt of N-furoylphenylhyclroxylamine 
may prove advantageous for the determination of copper, iron, aluminum, 
titanium, vanadium, and zirconium as  it is readily soluble in water. 

An investigation into the effect of substituents on the ring of the phenyl- 
hydroxylamine group may be profitable. Substituents on this ring should 
have more effect on the acidity and less effect on the donor ability because of 
the increase in distance from the carbonyl although a comparison of the 
reactions of N-naphthoylphenylhydroxylarnine and N-benzojrli~aphthyl- 
hvdroxylamine with copper is not in agreement with this hypothesis. Such 
a compound inight also form a stable ammonium salt. 

REFERENCES 
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ESTIMATION OF IMPURITIES IN LIQUID CHLORINE B y  
INFRARED ABSORPTION SPECTROPHOTONIETRYl 

ABSTRACT 

Commercial chlorir~e may contain small amounts ol chlorinated organic 
impurities, some ol which have been estimated by infrared absorption spectro- 
photometry. Liquid chlorine has 110 infrared absorption spectrum up to 1180 
cm-I. This has enabled long path lengths to  be used to  increase the sensitivity 
t o  low concentrations of organic compounds. -4 5 cm. tantalum-clad steel 
pressure cell fitted with calcium fluoride windows was used, and  spectra were 
recorded on a single beam instrument fitted with a calciu~ll fluoride prism. Using 
extinction coefficients, estimations were made to  a few parts per million on 
impurities such as chloroform, methylene chloride, phosgene, and lle?cachloro- 
benzene. The method was checked by known additions to pure liquid chlorine. 
The estimation of moist~lre in liquid chlorine is discussed. 

Commercial chlorine from the electrolysis of brine in either diaphragm or 
mercury cells contains small amounts of chlorinated organic impurities. 
Although such contaminants are present in only a few parts per nlillion, a 
knowledge of their concentration is of importance to the inanufacturer. 
The impurities appear to be predominantly C1 and C2 hydrocarbons such as 
carbon tetrachloride, chloroform, methylene chloride, and hexachloroethane 
with, in certain cases, more con~plex conlpounds such as hexachlorobenzene. 
The estimation of these impurities has been difficult, since the analytical 
methods available were time consuming and required several liters of sample. 
The most reliable method has been the distillation of approxin~ately 10 liters 
of liquid chlorine through a fractionating column as described by Hedgepath 
and Riggs (3) and modified by Matthews and Warren (4). However, distilla- 
tion methods are a t  a disadvantage because the chemical nature of the im- 
purity may change during distillation; chloroform for example may chlorinate 
further to carbon tetrachloride. This disadvantage is absent in a spectrometric 
method. 

Chlorine consists of the molecules C1$5-35, C1237-37, and the heterotope 
C1235-37. The former, in common with other isotopically hon~ogeneous mole- 
cules, are transparent to infrared radiation. The molecular heterotope, 
however, would be expected to absorb, and since its concentration is normally 
36.6y0 this absorption cannot be ignored (2). The fundamental band has been 
calculated to be a t  554 cm.-l in the gas phase, with first and second overtones 
a t  1100 cm.-l and 1638 cm.-I respectively. In liquid chlorine the absorption 
frequencies of these bands would be lowered by about one half of one per 
cent (1). The fundamental and the first overtone are beyond the range of 
calcium fluoride transn~ission. No band a t  around 1640 cm.-l corresponding to 
the second overtone has been detected. 

lnlanliscrifit received J u n e  17, 1954. 
Contribrition from Canadian Industries Limited, Central Research Laboratory, A~cMasterville, 

Que. 
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PROSS: LIQUID CHLORINE 957 

EXPERIMENTAL 

Wright and Smith employed a 1-in. tantalum-clad brass pressure cell with 
quartz windows for the estimation of moisture a t  3700 cm.-' (7). This  cell 
was limited b37 the cutoff of quartz a t  2850 cni-I. For the following work a 
5.25 cm. tantalum-clad steel cell was used with calcium fluoride windows 
which are transparent in the infrared as far as  1180 cm-I. The  extreme 
transparency of liquid chlorine in the infrared has enabled the use of a path  
length which is approximately two thousand times greater than is usual 
for most organic liquids. This path length has caused the method to  be sensi- 
tive to  concentrations of absorbing substances of the order of a few parts per 
million. This cell was designed and made by  the Perlcin-Elmer Corporation 
(5) - 

A section of the  cell is shown in Fig. 1. I t  consists of a 1% in. diameter steel 
cylinder 2 in. long, clad with tantalum whicl~ is resistant to  liquid chlorine 

FIG. 1. Section of the Perkin-Elmer 5 cm. tantalum-clad steel cell. 
A .  Tantalum-clad steel cylinder. 
B. Calcium fluoride window. 
C. Rubber gasket in "Teflon" envelope. 

( A ) .  The  windows are t in. thick calciu~n fluoride (B). "Teflon" U-Section 
gaskets are used with neoprene O-ring inserts (C). The  windows are secured 
by means of caps which are drawn against them. They  are protected b y  
i; in. diameter keys which prevent the caps from turning. T h e  cell is designed 
for a pressure of 200 p.s.i. The  vapor pressure of chlorine a t  25OC. is 105 
p.s.i. gauge. 

T h e  cell was fitted to a stairiless steel reservoir and a valve system consisting 
of + in. stainless steel "Hoke" needle valves. This  makes possible the filling 
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of the cell with liquid chlorine directly from an inverted commercial cylinder 
without cooling. Alternatively, by placing the reservoir in a Dewar flask 
paclced with dl->I ice, liquid chlorine could be introduced from a flaslc as shown 
in the line diagram Fig. 2. As a precaution_ary measure the nitrogen inlet tube 
a t  A was held in place by hand so that  it could be instantly released should 
excessive back pressure develop because some part  of the system was insuffic- 

FIG. 2. Diagram to show method of filling reservoir. 

iently cooled. After the reservoir had been filled, the dry ice packing around 
the inlet tube was removed. Valves B and C were then closed, and the reservoir 
was removed from the Dewar. Before the reservoir was inverted, the systein 
was brought t o  room temperature with the help of lukewarm water. This 
avoided possible fracture of the windows which might have resulted if cold 
chlorine were allowed to  enter the cell. When filled, the reservoir and cell 
were supported in front of the entrance slit of the spectrometer. 

Spectra were recorded on a Perkin-Elmer Model 12C single beam instru- 
ment using a calciunl fluoride prism. The  increased resolution afforded by a 
calcii~m fluoride over a rock-salt prism is an advantage in this work. 

The specific extinction coefficient E ,  is given by the Lambert-Beer relation- 
s h i ~ :  C
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where c = concentration in gm. per ml., 
I = path length in cm., 

I0 = intensity of incident radiation, 
I = intensity of absorbed radiation. 

In this work band intensities are a function of the experimental conditions. 
Apparent specific coefficients Eva have therefore been quoted, following the 
example set by Ramsay (6). The incident and absorbed radiation intensities 
were taken as proportional to the background and band peaks respectively. 
Finite slit width and scatter corrections were dispensed with. Band intensities 
thus measured gave estimations of impurities which were accurate to between 
10% and 20%. 

Formula (1) was rearranged and parameters were substituted to give 
concentrations in parts per million from a constant multiplied by the optical 
density. The method was tested by addition of known quantities to  liquid 
chlorine. The liquid chlorine ~ised in these experiments was purified by distil- 
lation using a column packed with "Fenske" rings having a performance 
equivalent to  approximately eight theoretical plates and a reflux to product 
ratio of 2: 1. A spectrum was first recorded to ensure the absence of impurities, 
after which the chlorine  as distilled back into the flask surrounded by dry-ice. 
Volatile compounds such as chloroform and methylene chloride were added 
from a weighing pipette, and solids were added as  such with subsequent 
agitation until dissolved. Recording time for the spectrum over the range 
4000 cm.-l to 1180 cm.-l was approximately 30 min. 

Table I summarizes the analytical results obtained with this technique. 
The  frequencies of the analytical bands are those observed for the compounds 

TABLE I 
SUMMARY OF ANALYTICAL RESULTS 

Concentration in p.p.m. 
Cornpound v7 EvB 

cm.-' Added Found 

in liquid chlorine as  solvent. Further analytical bands of interest, with their 
frequencies and apparent extinction coefficients, are given in Table 11. For 
concentrations that  may be encountered in practice no suitable bands are 

TABLE I1 
ANALYTICAL ABSORPTION BANDS AND APPARENT EXTINCTION COEFFICIENTS 

v, 
Compound cm.-I Eva 

CHzClCOCl 1821 4400 f 100 
COCI? 1810 6080f 110 
H?O 1640 l O l O f  20 
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present in the range 400 cm.-' to  1180 cm.-' for carbon tetrachloride or 
l ~ e x a c h l ~ r o e t h a ~ e .  Analysis for these c~mpounds  will clepencl on tinding a 
suitable cell window material that  will transmit further into the infrared. 

Analytical estimations by this method are under investigation. The absorp- 
tion band a t  1640 cm.-l has an advantage over the 3700 cnl.-' band used by 
IVright and Smith as  there is no correction required for carbon dioxide. Any 
interference in the 1640 cm.-' region would be from amide-carbonyl and 
C=C unsaturation; and neither would be expected in liq~lid chlorine. The 
vaporizing of sufficient liquid chlorine into a gas cell as a means of correction 
for carbon dioxide is open to  criticism as carbon dioxide boils off first resulting 
in a false value for this correction. 
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THE QUENCHING OF POTASSIUM RESONANCE RADIATION BY 
I-IYDROGEN AND DEUTERIUM' 

BY W. nil. SMITH, J. A. STEWART,' AND G. W. TXYLOR~ 

ABSTRACT 

The quenching of the resonance radiation of potassiu~n by hydrogcn and 
deuterium has been studied over the temperature range 71°C. to 83°C. The 
quenching cross sections a t  76°C. were found to be 1.56X10-16 cm.? and 
1.10 X10-l6 cm.* respectively. 

INTRODUCTION 

Among the simplest processes involving quenching of excited atoms are those 
involving the various alltali metals in their lowest 2P state and molecular 
hydrogen as  quencher. Experimental studies have been restricted in the past 
to sodium. We have attempted to obtain cross sections for the quenching of 
excited potassiunl, 4T-45, by hydrogen and by deuterium with a view to  
obtaining further data relating to systems relatively anlenable to  theoretical 
examination. 

METHOD 

The experimental method resembled that used by Steacie and LeRoy (S). 
Two resonance vessels containing p o t a s s i ~ ~ ~ n  were housed together in a furnace 
and irradiated by a beam with a substantial portion of the radiation consisting 
of the doublet 17665 A and A7699 A. Quenching gas was added to one vessel; 
the other vessel served as a reference. The relative intensities of the resonance 
radiation emitted from the two vessels a t  right angles to the irradiating 
beam were estimated with a photoelectric photometer. Measurements made 
in the absence and in the presence of quenching gas yielded the quenching 
ratio, Q, which is defined as the ratio of the intensity of resonance radiation 
in the presence of quenching gas to the intensity of resonance radiation in the 
absence of quenching. The quenching cross section, u2, in cm.? may be calcula- 
ted from the slope, SQ,  of the plot of l/Q against p (in mm. Hg) using the 
relation (5), 

where T is the mean life of the potassium atom in the 4" state which we have 
taken to be 2.71 Xl0+ seconds (9), N is Avogadro's number, k is the gas 
constant in ergs per n~olecule per degree, and Ail and M? are the gram mole- 
cular weights. 

lAlanuscript received June 21, 1954. 
Contribt~tzon from Depart?nent of Chen~istry, Queen's University, K i v g ~ t o t ~ ,  Ontario. 

ZAfillon Hersey Fellow, Queen's Unzversity, 1951-52. Present address: Departtrzcnt of National 
Heallh and Welfare, Food and Drugs Division, Ottawa. 

3Holder of an Ontario Researclt Council Scholarship, 1952-55. Present address: The University 
Chemical Laboratory, Cantbridge, England. 
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The two resonance vessels were constructed of tubing 2; cm. in diameter 
and were about 13 cm. long. They were of the usual light trap type with two 
plane windows meeting a t  right angles to facilitate entry of the irradiating 
beam and exit of n portion of the fluorescent radiation a t  right angles to the 
beam. The vessels were centrally mounted one above the othel- in a furnace 
about 28 cm. long containing double winclows placed appropriately for entry 
and exit of the radiation referred to above. The interior of the furnace was 
blackened as were also the masks within the furnace which were usecl to 
demarcate the irradiating and fluorescent ratliation. The resonance vessels used 
during the initial n~easuren~ents were of quartz, during the final meas~irements 
of pyrex. The quenching vessel was connectecl via stopcoclc outside the 
furnace to a wide bore mercury manometer, storage bulbs, MacLeod gauge, 
and pumping system. A cathetometer was used to reacl the levels of the mano- 
meter. A magnetic cutoff operating within the furnace in the line connecting 
the quenching vessel to the rest of the vacuum system was incorporated in 
the apparatus during the early measurements but was omitted in the later 
measurements. The reference vessel was permanently sealed. The portion of 
the vessel containing the windows was free of potassium deposit but that 
portion immediately adjacent was covered with a deposit around the entire 
inner circumference. Inspection of the vessels, with local heating if necessary, 
was carried out every few days to ensure that this tlistribution of potassiun~ 
was maintained. Temperatiire differences of the order of 1°C. existed within 
the furnace. However the difference in temperature between the region con- 
taining the resonating vapor under observation and the site of potassium 
probably did not exceed 1/3". The region of the vessel containing the windows 
and the resonating vapor uncler observation was a t  the highest temperature. 
The temperature was held constant during a run to within O.l°C. 

The source of the irradiating beam was a I<-1 General Electric potassium 
lamp. The radiation from the lamp passed through a rectangular slit in a 
blackened mask, through a Corning filter number 2600 and a system of lenses 
which formed an image of the slit in the front portion of the resonance vessels. 
The bean1 was further restricted by a blackened mask containing two rect- 
angular holes which was placed immediately in front of the resonance vessels. 
T o  check approximately the changes in intensity of the irradiating beam and 
so permit estinlates to be made of the variation in intensity of the reflected 
radiation associated with the fluorescent beam, a Weston photronic cell was 
mounted so that it could be swung into the path of the irracliating beam. 
Although the sensitivity of the photronic cell to the radiation in the beam is 
very low, sizable cleflections were obtained with a galvanometer in series with 
the photronic cell. h/Ieasurements of this sort were required only because of 
the relatively appreciable magnitude of the reflected radiation accolnpanying 
the fluorescent radiation and were used only when estimating the magnitude 
of the reflected radiation. 

The fluorescent radiation emerging from openings in a mask covering the 
exit windows of the resonance vessels was focused on the sensitive surface of a 
RCA 917 phototube. As the eye is relatively insensitive to wave lengths around 
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S M I T H  E T  AL.: POTASSIUhf RESONAXCE RADIATION 9 (5 :j 

7700 A, a snlall flash light bulb was mounted under the resonance vessels, 
ant1 was tur-lied on during initial focusing operations. The  phototube and the 
associated circuit, which was that devised by Gabus and Pool (2), was enclosed 
in a brass tube fitted with a shutter which permitted the focused fluorescent 
radiation from either resonance vessel to fall separately on the phototube. 
The amplified photocurrent was determined with a Rubicon galvanometer 
NO. 3403. In subsequent paragraphs the setup i~ivolving pliototube, amplifier, 
and galva~iometer is called the detector. The correlation between light intensity 
and response of the detector was deter~iii~ied a t  intervals tliroughout the runs 
with calibrated neutral filters and invariably the detector showed response 
linear with light intensity. As a dark room was not available the entire optical 
systeni was housed in blackened boxes and all nieasure~iients were carried out  
a t  night. 

Tlie resonance radiation from the resonance vessels was examined spectro- 
graphically ant1 only the 7699-7665 doublet appeared on the photographic 
plate. 

MATERIALS 

Hydrogen and deuterium were prepared by the action of light or heavy 
water on potassium. Distilled water, deaerated by several cycles of freezing, 
melting, and pumping off in vnczlo, was distilled into an evacuated bulb of about 
300 cc. capacity containing purified potassiuni and fitted with a mercury 
manometer of the blowoff type. The gas fro111 the reaction bulb was passed 
slowly tlirougli two traps refrigerated with liquid air, and was then stored 
for a minimum of 24 hr. in a flask containing a film of potassium on the walls. 

FIG. 1. Apparatus for purilication of potassium. 
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The 9C3.670 heavy water was ol~tainecl from Atomic Energj- of Canatla Ltd. 
The  potassiun~ was purified as  follows. The  surface film was cut off B.D.H. 

lump potassium, the metal was blottecl clry with filter paper ant1 then intro- 
duced into the unit indicated in Fig. 1A. This consisted essentially of a wide 
diameter tube bent to an angle of about 135" and connected horizon tall!^ to 
the vacuum system and traps via the ground joint G. One 01- two small vials I,7 
were connected to the larger tube a t  the bent1 and roughly in the same plane 
as  the large bent tube. With potassium resting in the bottom of the tube a t  P 
the unit was connected to the vacuum system ancl evacuated. The potassium 
was then heated with refluxing until there was no evidence of gas evolution. 
The unit was then rotated and liquid potassium flowed into the vials a t  17. 

These were sealed off. Potassium from these vials was introducecl into the 
vacuunl apparatus where and when required by the technique of Dunoyer 
(1). This involved crushing the vial and quickly sealing it in the end bulb 
of a series of bulbs connected by short yet thick walled tubes, the whole 
series leading to the final site. These are illustrated in Fig. 1B. The  end bulb 
was placed a t  a slant to facilitate the separation of potassium from the crushed 
vial and its entry into the second bulb without distillation. After entry of 
potassiun~ into the second bulb in vacuo, the end bulb was sealed off and 
potassium ~iras distilled in vaczco from one bulb into the next, the end bulb 
containing some residue of potassiu~n being sealed off before the next distilla- 
tion in the chain was carried out. 

PROCEDURE 

After the quenching vessel had been evacuated and the potassium lamp 
had been operating for more than one hour, measurements of the intensities 
of the radiation from quenching and reference vessels were made with the 
detector. Quenching gas was then added in steps and withdrawn in steps. 
Measurements of the pressure of gas in the quenching vessel and of the 
intensities of the radiation from each of the resonance vessels were made 
after each addition or reinoval of gas. I t  was found that there were no signifi- 
cant changes in intensity of radiation froin the resonance vessel after about 
three minutes after addition of gas. In practice periods of 5 and 10 min. were 
allowed to elapse between addition of gas and taking of measurements. The 
quenching ratios obtained on addition and removal of gas were not signifi- 
cantly different. 

At the conclusion of a quenching run the furnace was allowed to cool to 
room temperature and with the potassium lamp operating under steady 
conditions detector measurements were made of the intensities of the reflected 
radiation from the quenching vessel. As the vapor pressure of potassiuin a t  
36.4"C. is about 0.03 of the vapor pressure a t  71°C. and as  the intensity of 
the radiation from the resonance vessels was not detectably dependent 011 

temperature a t  temperature less than 35°C. it is legitimate to  conclude tha t  
the intensity of resonance radiation a t  room ten~perature relative to that a t  
76" (the mean temperature during the experiments) is negligible. These 
measurements indicated tha t  the reflected radiation constituted from 5 to  20% 
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SAIITH B T  AL.: POTASSIUBI RESONANCE RADIATION 965 

of the radiation emitted from the resonance vessel, the higher figure applying 
to the earlier Ineasuren~ents involving the quartz vessel. Ifleasurements of 
the intensity of the irradiating beam were also macle with the photronic cell 
inserted directly into the beam so that  sizable variations in beam intensity 
and therefore in reflected radiation between hot and cold runs could be detected 
and allowed for. In fact the effect of such correctio~ls on the allowance for 
reflected light was negligible. 

Variations in the intensity of the irradiating beam or s~nal l  variations in 
the concentration of potassium vapor due to change in furnace ten~perat i~re  
would change the detector reading for radiation from reference and quenching 
vessel proportionally. Consequently the readings of intensity. for radiation 
from the quenching vessel during a single run were corrected by dividing by a 
factor proportional to the reference vessel reading. The readings obtained in 
the initial stages of a run were arbitrarily chosen as standard to  which the 
other readings were adjusted. Frorn these adjusted values, the intensity of 
reflected radiation (determined in the cold run and adjusted on a proportional 
basis for variation in intensity of irradiating beam between the cold run and 
the initial measurements of the hot run) was subtracted. From these final 
values for fluorescent intensity the q~ienching ratios were obtained by dividing 
the intensity applying for a given pressure of addecl gas by the intensity 
applying for no added gas. 

EXPERIMENTAL RESULTS 

Considerable difficulty was encountered in obtaining quenching curves 
which were reproducible and independent of the position in the quenching 
vessel of the volun~e of potassium vapor tvhich yielded tile radiation which 
was measured. I t  was found'essential to have the deposit of potassium within 
the body of the resonance vessel. Moreover, with the quartz vessel, an approach 
to reproducibility could be obtained only when the fluorescent radiation came 
froin a volume relatively near the source of potassium. When the resonailce 
radiation came from a region close to the front face of the vessel and relatively 
distant from the source of potassium plots of the measured values of l /Q  
against pressure, P, yielded curves bending away from the P axis. At tempera- 
tures above 90°C. this effect was observed regardless of the positions of the 
resonating potassium vapor yielding the radiation which was measured. 
The effect becaine more pronounced with use of the resonance vessel. Appar- 
ently the concentration of potassium vapor was being reduced below its 
equilibi-iiiin value by reactive processes and this reduction was leading to 
abnormal drops in the intensity of the resonance radiation. 

On the other hand the results obtained with the pyrex vessel were repro- 
ducible and independent of thickness of the fluorescent beam over the range 
of temperature 71 to  80°C. No attempts were inade to exanline the behavior 
a t  temperatures in excess of SO0C. or a t  less than 71°C. The independence of 
quenching ratio on the vapor pressure of potassium over the 9 degree range 
and on the thickness of the fluorescent bean1 suggests that  effects due t o  
imprisonment are negligible. 
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The experimental results are given in Fig. 2 as plots of I/@ against pressure. 
The results include data from all -runs with the pyrex vessel except one which 
was omitted because of poor distribution of potassium in the vessel. There 
are included data from a small group of runs in the quartz vessel selected on 
the basis that they yielded the smallest 1/Q values. The thickness of the 
fluorescent beam under observation ranged from 2 to 5 mm. There appears to 
be no significant change in slope of I/@ against pressure over the temperature 
range 71 to 83OC. However there should be a small dependence of 1/Q (for a 

Fig.2.  yQ for various pressures of hydrogen and deuterium 

Dota  for hydrogen Dota for deuterium 

Quenching Temperature Quenching Temperature 
Vessel OC. Vessel OC. 

quartz 74 quartz 7 1 

quartz 83 0 quartz 7 1 

0 Pyrex 7 1 u quartz 76 

a Pyrex 76 O ~ y r e x  71 

0 pyrex 76 0 pyrex 
80 C
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given pressure) on temperature if the cross section for q~~enching is indepen- 
dent of temperat~ire because of the variatioil in concentration and molecular 
velocity with temperature. I t  is possible to correct the values of l/Q to a 
common basis, that for Tref ,  by nlultiplyi~lg each value of (l/Q-1) by 
(T/T,,,)~ where T is the absolute temperat~lre a t  which the determination 
was made. However in view of the snlallness of the corrections (less than 
one per cent) and the relatively low precision of our results we have not applied 
this correction. From the slope of the 1/Q vs. P plot of Fig. 2, 76°C. as the 
temperature, 2.71 X lo-* seconds as the value of T ,  we have determined that 
a2 for hydrogen is 1.56 & and g2 for deuterium is 1.10 &. 

DISCUSSION 

The cross section for the quenching of excited sodium atoms by hydrogen 
is substantially larger than the cross section 1.56 & which we have found for 
the quenching of excited potassium. Norrish and Smith (6) found a cross 
section of 7.4 A2 a t  a temperature of 130°C. with sodi~im excited by the 
resonance method similar to that employed in the present work. Winans ( lo)  
using high velocity excited sodium atoms produced by the photodissociation 
of sodium iodide found that the cross section for quenching by hydrogen 
decreased with increasing velocity of the sodium atoms and attained a value 
of 5.7 & for the maximum velocity investigated which was abo~i t  10 times 
the mean velocity a t  130°C. 

Magee and Ri (4) and Laidler (3) have attempted theoretical calculations 
of the cross section for quenching of excited sodium by hydrogen. Both.  
treatments describe the process in terms of the formation of a relatively stable 
complex of alkali metal and hydrogen and a transition to the ground state 
during the life of the complex with a. probability close to unity. In Magee 
and Ri's treatment the critical state corresponds to the top of the rotational 
energy barrier for the formation of a complex involving excited alkali metal 
and hydrogen. In estimating the cross section it is assumed that complexes 
with rotational energy below a certain value have during their lifetime a 
probability of transition to the ground state (via an ionic state) near unity, 
but that the probability is zero if the rotational energy exceeds this value. 
In Laidler's treatment the cross section for quenching is identified with the 
square of the separation of centers of Na ("P) and Hz which, with the ~ninimuln 
potential energy, permits contact of the excited and the ionic (Naf Hz-) 
potential energy surfaces. A slight extension of the H-H bond which never- 
theless involves insignificant activation energy must be assumed and the 
critical separation for contact of the surfaces is identified with that corres- 
ponding to the minimum in the potential energy curve for the ionic state 
(Naf Hz-) where the H-H separation is constrained to the slightly extended 
value. This configuration permits formation of an ionic complex and it is 
assumed that the of transition to the ground state is very much 
greater than the probability of decomposition of the complex so that once 
the ionic con~plex is formed the probability of internal quenching is close 
to unity. 
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Magee and Ri indicate that the cross section for quenching of excited 
potassium should be less than tha t  for sodium. Laidler's treatment suggests 
the converse since the greater dia~ueter of the potassiunl ion should lead to a 
slightly greater critical separation for alkali metal and hydrogen. Our results 
appear to contradict Laidler's treatment. However an energy of activatioll 
for the attainance of the critical state or a probability of transition to the 
ground state during the life of the complex of appreciably less than unity 
could lead to  a reduced cross section for the quenching of excited potassium. 
I t  is impossible, by  the technique used in this \irork, to determine experimentally 
the activation energy for quenching processes involving potassiunl. However, 
the work of Smith and Southam (7) indicated no appreciable activation 
energy for the quellching of excited sodium with methane, a process with very 
small cross section, and as  far as  we can determine there appears to be no 
evidence for any quenching process which does have an activation energy. 
The probability of internal quenching during the life of the complex depends 
on the life time of the complex, the availability of those configurations of the 
ionic complex from which transitions to the ground state can occur and on the 
probabilities of the transitions. This appears to  be a probleni for theoretical 
rather than experiillental examination. 

Our data illdicate a cross section for quenching by deuterium which is less 
than that for hydrogen. This cannot be attributed to a difference in potential 
energy relations, nor does it appear that  the difference in zero point energies 
of critical cornplex and "reactants" would favor the formation of the complex 
of hydrogen and potassium above that  of the more nlassive deuterium- 
potassiunl complex. The  difference in cross sections would appear then to  be 
attributable to differences in the probability of transition between states 
during the life time of the complex. 
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KINETICS OF THE HOMOGENEOUS REACTION BETWEEN 
CUPRIC ACETATE AND MOLECULAR HYDROGEN IN 

AQUEOUS SOLUTIONL 

ABSTRACT 

Cupric acetate was found to react ho~nogeneously with molecular hydrogen 
in aqueous solution according to the following equation: 

~ C U ( O A C ) ~ + H ~ + H ~ O - + C U ~ O + ~ H O A C .  
The paper describes a kinetic study of t h ~ s  reaction. Rates were determined 

a t  temperatures between 80 and 140°C. and hydrogen partial pressures between 
6.8 and 34.0 atm. The reaction was found to be of second order, the rate being- 
proportional to the concentrations of cupric acetate and molecular hyclroge~ly 
I t  was establishecl that the rate was independent of the surface of the reaction 
vessel, the cuprous oxide product and of the concentrations of sodium acetate 
and acetic acid in the solution. The reaction has a n  activation energy of 24200 
cal. per mole. The kinetic results are cliscussed and a mechanisnl is proposecl. 
This appears to be one of the few known homogeneo~~s reactions of molecular 
hydrogen in solution. 

INTRODUCTION 

NIolecular hydrogen is a relatively unreactive gas. I ts  hon~ogeneous re- 
actions are often characterized by large activation barriers which reflect the 
high dissociation energy of the H-H bond and the repulsion forces associated 
with the closed shell configuration of the He molecule in its ground state. 

Many substances are known which lower the activation energies of hydrogen- 
ation reactions and thus function effectively as catalysts for these reactions. 
With few exceptions such catalysts are solids, common examples being the 
group of metals which includes Ni, Co, P t ,  and Pd and certain metallic oxides 
such as CuO, Crz03, ZnO, and their mixt~ires (3). The action of these catalysts 
has been widely studied particularly with reference to  organic hydrogenation 
reactions some of which are of great industrial importance. Nevertheless the 
detailed mechanism by which they operate is still not fully understood. I t  is 
generally believed that  the primary function of the catalyst is to activate the 
hydrogen through chemisorption (3, 19). The  catalyzed reaction then occurs 
heterogeneously. In some cases the catalyst may also serve to  activate the 
reactant undergoing hydrogenation. Theories have been advanced which 
relate the activity of hydrogenation catalysts to their lattice spacing (1, 2) and 
to the character of their electionic bands (6, 21). These theories generally 
imply that  catalytic activity, associated with the ability to  activate nlolec~ilar 
hydrogen, is confined to  solids. 

Recently there has been increasing interest in inorganic hydrogenation 
reactions involving the reduction of metallic ions in aqueous solutions. Re- 
actions of this type have found important metallurgical application as methods 
of recovering metals from leach solutions (7, 8). The reduction of ions such as 

1Manzrscript received J u n e  7, 1954. 
C o n t r i b ~ ~ l i o n  f rom the Departmcnl of M i n i n g  and  ;GIetallzrrgy, U?ziucrsity of British Colzrnzbia, 

T'ancoz~ver, B.C.,  v i t l z  f inancial assistance f rom the Nat ional  Research Council of Canada. 
2Prcsent address: Eldorado M i n i n g  and Refinzng Ltd.,  Eldorado P.O., Sask .  
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Xiu, Co++ ( l A ) ,  UOl'-+ (8), and 'L'OS- (16) has been exanlined liineticaIIy. 
All these reactions were shown to proceed l~eterogeneously and to  recl~~ire the 
presence of hydrogenation catalysts of the ~ ~ s u a l  type such as finely divicled 
nletallic nickel or cobalt. 

Of special interest is the reduction of cupric acetate in aqueous solution. 
Ipatieff and Werchowsky (11) first observed this reaction and reported that 
cuprous oxide was formed as  the product under certain conditions. Recent 
work in this laboratory has confirmecl tha t  this reaction takes place a t  relatively 
low temperatures and hydrogen partial pressures and that unlike most h>,dro- 
genation reactions it does not require an added catalyst but  proceeds hoino- 
geneously in solution (10). The  present paper describes a kinetic s tudy of 
this reaction, undertaken with a view to  establishing its mechanism ancl cle- 
terrnining the nature of the process through which the hydrogen becomes 
activated. 

Only two other systems involving honlogeneous hydrogenation reactions 
in solution appear to have been studied. Calvin (4, 5) found that cuprous 
acetate, dissolved in quinoline, catalyzed the i~ornogeneous hydrogenation of 
cornpounds such as  quinone. I t  has been suggested (5, 24) that  in this system 
the hydrogen becomes activated through homogeneous interaction with a 
dimeric complex of cuprous acetate. The  solvent appears to play an important 
role in this process since the reaction is conlined to a narrow group of nitrogen 
containing solvents. 

Recently Wender and his co-workers (17, 25) have reported tha t  dicobalt 
octacarbonyl, C O ~ ( C O ) ~ ,  which is formed when metallic cobalt is treated with 
carbon monoxide a t  high pressures, also activates hydrogen and thus functions 
as  a liomogeneous catalyst in a variety of hydrogenation reactions. The activity 
of this catalyst like that  of cuprous acetate has been observed only in certain 
organic solvents. The  reduction of cupric acetate, described in this paper, 
appears to be the first instance of a honlogeneous h3~drogenation reaction 
reported to occur in aqueous solution. 

EXPERIMENTAL 

Cupric acetate, sodium acetate, ammonium acetate, and acetic acid, all 
of Reagent Grade, were supplied by Nichols Chen~ical Co. The solutions were 
prepared by dissolving weighed quantities of these ch'emicals in distilled water. 
Comnlercial hydrogen gas, supplied in cylinders by Canadian Liquid Air Co., 
was used without further purification. 

The experiments were conducted in an autoclave manufactured by Auto- 
clave Engineers Inc. and constructed entirely of No. 316 stainless steel which 
proved inert to the solutions used. The vessel had a capacity of 1 gal. and was 
designed for working pressures of up to 1200 Ib. per square inch. A stirrer shaft, 
thermocouple well, cooling coil, ancl sa~npling tube extending below the 
surface of the solution, were connected through the lid of the a~~toclave.The 
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solution was stirred with an impeller of 2.5 in. diameter which ~rotatecl a t  
900 r.p.nz. The  sampling tube was fitted with a stainless steel filter of fine 
porosity so tha t  samples of solution withdrawn for analysis were free of cuprous 
oxide product. The partial pressure of hydrogen above the solutioll was con- 
trolled by a standard gas regulator. The autoclave was heated with a gas ring 
burner, the temperature of the solutioil being maintained to within f 0 . 5 "  C. 
with a Leeds and Nortlirup Micromax recording controller. 

Procedure 

Three liters of solution of desired composition was placed in the autoclave 
which was then sealed, flushed with nitrogen, and heated to temperature. 
Hydrogen was introduced and maintained a t  a desired partial pressure. 
Samples of the solution were withdrawn periodically and the concentration 
of unreacted cupric acetate determined with a Beckman DU Spectrophoto- 
meter using the blue cupric ammine color developed by addition of ammonia. 
The experiments were generally continued until about 9870 of the cupric 
acetate had reacted. The charge was then removed from the autoclave and 
the cuprous oxide product separated by filtration, washed, and analyzed. 

RESULTS 

Stoichiometry of the Reaction 

The  solutions of cupric acetate used ill these experiments generally contained 
about 0.5 M./liter of acetic acid and 0.5 M./liter of either sodi~im or am- 
monium acetate, added to buffer the pH of the solutions a t  a value between 
4 and 5. Attempts to study the reaction in the region of higher pH were corn- 
plicated by hydrolysis of cupric acetate and precipitation of basic cupric salts 
when the solutions were heated to the reaction temperature. 

On introduction of hydrogen into the autoclave, a visible precipitate of 
cuprous oxide was immediately formed. As the reaction proceeded the cupric 
acetate concentration and the pH of the solution both decreased progrcssively, 
reflecting the formation of cuprous oxide and acetic acid as the reaction 
products. The  reaction proceeded in every instance until the amount of 
copper remaining in solution was less than 0.003 M./liter, which corresponds 
to about 1 or  2% of the original cupric acetate concentration. Because of the 
buffering action of the acetate the pH drop during an experiment was usually 
less than 0.5 units. 

The cuprous oxide product was identified by chemical analysis (Cu: found, 
88.5 f 0.3y0; theoretical, 88.8%) and by X-ray diffraction measurements 
(lattice constant: found, 4.25 f 0.01A; given (13), 4.255A). In  no experiment 
could any reduction products of cupric acetate, other than cuprous oxide, be 
detected. 

An observation of some interest was tha t  the appearance of the cuprous 
oxide product differed, depending on whether the solution contailled sodium 
acetate or ammonium acetate. If the solutio~i contained sodium acetate, the 
product was bright red while if  it coiltained ammonium acetate, the color 
ranged from dark p ~ ~ r p l e  to  black. Both products were crystalline solids 
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apparently identical in chemical composition and crystal structure. TIle 
difference in color was presumably due t o  differences in grain size. RefereIlce 
has recently been made (12) t o  similar variations in the  appearance of cuproLls 
oxide prepared by other methods. 

The  stoichiometry of the reaction appears to  be represented by the following 
equation: 

~ C U ( O A C ) ~  f Hp f H20 3 C L I ? ~  f 41-IOAc. [:[I 
When hydrogen was present in excess this reaction always went essentially 
to  completion. T h e  solubility of the cuprous oxide product was negligible. 

Kinetics of the Reaction 
Rate  curves depicting the course of some typical experiments, throughout 

which the temperature and hydrogen partial pressure were held constant, are 
shown in Fig. 1. T h e  cupric acetate concentration always fell off according to  
a first order kinetic law, illustrated by the  linear plots of log [CU(OAC)~] against 
time in Fig. 2. First order rate constants, kl, calculated from the slopes of 
these plots were generally reproducible t o  within =t5Y0. 

TIME - MINUTES TIME - MINUTES 

FIG. 1. Typical rate curves for the reaction of c ~ ~ p r i c  acetate with hydrogen. Temperature, 
130°C. H2 partial pressure, 13.6 atrn. 

FIG. 2.  Typical first order rate plots showing effect of varying initial c ~ ~ p r i c  acetate con- 
centration. 

Fiirther indication of first order kinetic behavior is provided by  da ta  in 
Table I which show tha t  values of k1 determined in this way are independent 
of the initial c ~ ~ p r i c  acetate concentration. T h e  rates mere also f o ~ ~ n d  t o  be 
independent of the volume of solution and of the speed of rotation of the  
stirrer above 500 r.p.m. 

D a t a  are also provided in Table I which show tha t  the rate of reaction re- 
mained essentially constant when the  pH of the solution and the concentrations 
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TABLE I 
EFFECT OF VARYING THE CO~TPOSITION OF SOLUTION ON THE RATE OF REACTION UETWEEN 

CUPRIC ACETATE AND HYDROGEN 

of sodium acetate and ammonium acetate were varied over a considerable 
range. On the basis of these results it can be assumed that the rates were not 
influenced by the much smaller changes in pH which occurred during the 
course of each experiment as a result of the formation of acetic acid as one of 
the reaction products. I t  may also be concluded that neither acetic acid nor 
acetate ion participates explicitly in the rate controlling step of the reaction. 

Temperature, 130°C. 
H2 partial pressure, 13.6 atm. -- 

Homogeneoz~s Character of the Reaction 

HOAc, 

I t  was considered of par t ic~~lar  importance to establish that the surface of 
the stainless steel a~~toc lave  was without catalytic effect on the reaction. An 
experiment was therefore made in which 20 gm. per liter of similar stainless 
steel, in the form of powder, was added to the solution. The surface area of 
this powder was estimated to be about 100 sq. cm. per gm. The total area of 
the added powder was thus a t  least five times as great as the surface area of 

pH 
----I----- 

SOL108 ADDED 1 -- 
0 - H O N E  

0- 2 0 a w i  STAINLEU8 
STEEL P O W E R  

- 

A - Is &. CUPRW8 
O X I N  PRODUCT 

hi./liter 1 Initial 1 Final 
-- 

0 10 20 30 40 so 
TlME - MINUTES 

5 PARTIAL PRESSURE 

0 - 6.8 Atm. 

TlME - MINUTES 

FIG. 3. Effect of surface on the rate. 
FIG. 4. First order rate plots a t  different partial pressures of hydrogen. NaOAc, 0.25 

M./liter. HOAc, 0.44 M./liter. Temperature, 130°C. 
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the autoclave normally in contact with the solution. Fig. 3 shows that,  ivithin 
experimental accuracy, the addition of this powder had no efl'ect on therate. 

The results of a similar experiment in which 15 grn. per liter of cupi-ous oxide 
powder, the product from an earlier run, was added to the solution, are also 
depicted in Fig. 3. Again no effect on the rate could be detected. 

These results provide clirect confirmation of the homogeneous character of 
the reaction. 

Effect of Hydrogen Partial Pressure 
Fig. 4 shows the rate curves for a series of experiments in which the partial 

pressure of hydrogen was varied lroin 6.8 to 34.0 atm. The results are S L I ~ I -  
inarized in Fig. 5 where the rate is plotted against the hydrogen partial pressure. 
I t  is seen that the first order rate constant, k ~ ,  is directly proportional to the 
partial pressure, pH,. Since the solubility of hydrogen in most aqueous solutions 
obeys Henry's law over this range of pressures (22), this relation also implies 
that k l  is proportional to the concentration of molecular hydrogen in solution, 

[Hz]. 
A new bimolecular rate constant, kz, which is independent of the concen- 

trations of both cupric acetate and hydrogen inay thus be defined by the 
relation, 

k1 = k?[H,] = kp or P H ,  [a] 

where or is Henry's constant, denoting the solubility of Hz. 

0.15- 

- ' . 
: OM- 

\ 

- 
r 

40  0 1 0 0  2 0 0  300 

Hz PARTIAL PRESSURE - ATM. T I M E  - MINUTES 

FIG. 5. Dependence of the rate on hydrogen partial pressure a t  130°C. 
FIG. 6. First order plots a t  different temperatures. NaOAc, 0.25 M./liter. HOAc, 0.44 

M./liter. Hz partial pressure, 13.6 atm. 

The rate of reaction of cupric acetate can be expressed in terms of k?  as 
follows: 

-d[Cu(OAc)2]ldt = kz[Cu(OAc)z] [Hz] . [3] 

Values of or have not been determined for cupric acetate solutions, but the 
corresponding value of or denoting the solubility of Hr in pure water is known 
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to be 7.14 X lo-' iuoles atm.-' literp1 and to remain nearly constant \,-itI1 
temperature over the range 60" to 100" C. where some of these experiments 
were conducted (22). Such cleterminations as have been made of the effect of 
acetic acid and various salts on the solubility of I~yclrogen ill water (22) 
suggest that for solutions of the corilposition used in these experiments (i.e., 
approxiinately 0.5 A1 HOAc and 0.5 M NaOAc or NH40Ac), cu would be 
about 10% lower than for pure water or appi-oxinlately 6.4 X lo-' moles 
atn1.-' liter-'. I t  is believed that negligible error is introcl~icecl by assuming 
this value for the purpose of the present calculations. 

Dependence of the Rate o n  Temperature 
Rate curves for a series of expel-irnents at temperatures ranging from 80" to 

140" C.  are given in Fig. 6. A good Arrhenius plot, shown in Fig. 7, was ob- 

FIG. 7. Arrhenius plot for the reaction between cupric acetate and hydrogen. H: partial 
pressure, 13.6 atln. 

tainecl when log kl was plotted against l / T .  The activation energy, E ,  esti- 
mated from the slope of this plot using the Arrhenius relation, is 24200 f 800 
cal. per mole. 

I f  the solubility of hydrogen is taken to be independent of teinperatul-e, this 
activation energy can also be associated with the bimolecrllar rate constant, k2. 
Assuming cu to have the value, 6.4 X lo-' ~noles atin.-' liter-', k? is given by: 

[-::'I liter n ~ o ~ e - ~  1ni11.-I k t  = 9.6 X 1013 exp -- 
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DISCUSSION 

il/leclzanism of the Reaction 
The kinetic results suggest that the rate determining step of the reaction 

is a biinolecular process involving one n~olecule of cupl-ic acetate and one 
lnolecule of hydrogen. This step must lead to the formation of a conlplex in 
which the hydrogen has become activated so that  its subsecluent dissociation 
or reaction with another molecule of cupric acetate to give the observed re- 
action prorlucts is rapid. Such a sequence of steps may be representecl a s  
follows: 

k 
1. CLI(OAC)~ + H2 --t Cu(OAc)z.H2. [51 

slow 
2. C U ( O A C ) ~ . H ~  + Cu(0Ac)s + H20 --t C U ~ O  + 4 HOAC. 

fast 
k2 

Over-all reaction: 2Cu(OAc)z + H? + HsO --t Cu20 + 4 HOAc 
The  first step in this sequence is considered to be rate determining. The 

rate constant for this step, k, is related to that  for the over-all reaction, k,, 
as follows: 

2k = k2. [71 

The factor, 2, in this expression reflects the fact that only one inolecule of 
cupric ace ta te i s  involved in the rate determining step while two molec~iles 
are involved in the equation fro111 the over-all reaction. 

Combining equations [4] and ['i] gives the following expression for k :  
- 24200 [ RT ]liter mole-1 mine-1 k = 4.8 X 1013 exp - 

The value 4.8 X 10'3 liter mole-' inin.-' for the Arrhenius freq~iency factor 
in this e q ~ ~ a t i o n  corresponds to an activation entropy, AS:, of -6.5 e.u. a t  : 

100" C. (9). These values are normal (15, 20) for a simple bimolecular reaction 
in solution, such as that represented by Equation 151. This provides further 
support for the mechanisn~ and rate determining steps which have been postu- 
lated above. 

Nature  of the  Reactive Species 
In the preceding discussion the reaction has been represented as involving 

undissociated CU(OAC)~ molecules rather than simple cupric ions or other 
cupric complexes. This appears to be consistent with the kinetic results taken 
in conjunction with independent measurements of the dissociation constants 
of cupric acetate (1.8). These measurements indicate that in solutions of the 
conlposition used in these experiments, cupric acetate is predoininantly un- 
dissociated. The  degree of dissociation to CuOAc+ ranges from about 10% a t  
the highest NaOAc concentration of 0.75 NI./liter to about 25y0 a t  the lowest 
concentration of 0.25 M./liter. The dissociation to Cu* is negligible. The  
insensitiveness of the rate to the concentration of acetate ion within this range 
and the magnitude oi the frequency factor then provide fairly strong indication 
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that the observed reaction is due preclominantly to the undissociaterl cupric 
acetate n~olecules, with other cupric species making only a minor contribution. 
The low concentrations of these species ancl the limitecl accuracy of the 
~neasurements ~nalte it difficult to evaluate this contribution quantitatively. 

Similar considerations discourage the suggestion that cuprous acetate, 
which may be formed as an intermediate, has an appreciable catalytic influence 
on the reaction. Cuprous acetate is unstable in aqueous solution where it is 
hydrolyzed and precipitated quantitatively as cuprous oxide (23). This was 
found to be the case for the solutions used in the present study and it may be 
concluded that only trace concentrations of cuprous acetate were present in 
these solutions during reaction. Such limiting concentrations would be highly 
variable, and partic~~larly sensitive to the pH and acetate ion content of the 
solution. Any reaction mechanism in which an important catalytic influence 
is attributed to cuprous acetate would thus appear to be inconsistent with 
the observed kinetics. This is of interest in view of earlier work which indicated 
that cuprous acetate activates hydrogen homogeneously in quinoline solu- 
tion (4, 5, 24). The two systems appear to be unrelated. 

I t  is of further interest that  the reaction does not appear to  involve a dimeric 
complex incorporating two copper atoms. There has previously been evidence 
for only two other homogeneous hydrogenation reactions, in each of which 
the effective catalyst was apparently a dimeric molecule containing two ~neta l  
atoms, i.e., Cuz(OAc)2 and Co?(CO)s. I t  has been suggested that, in order to 
be capable of activating molecular hydrogen homogeneously, a molecule must 
possess such a dimeric configuration which allows the two hydrogen atoms to 
beco~ne simultaneously bonded to  metal atoms (24). However, the results of 
the present study fail to support this view. 

CONCLUSIONS 

Cupric acetate is reduced homogeneously by hydrogen in aqueous solution. 
The kinetic data which were obtained in this investigation have per~nitted 
only the general features of the mechanism and the sequence of steps involved 
in this reaction to be deduced. The detailed configuratio~~ of the complex 
formed by interaction of hydrogen and cupric acetate and the nature of the 
forces which stabilize this complex and thus contribute to the activation of 
the hydrogen remain to be elucidated. 
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CHLORINE ISOTOPE EFFECT IN REACTIONS OF TERT-BUTYL 
CHLORIDE1 

ABSTRACT 

When tert-butyl chloride reacts with either alcoholic silver nitrate or aqueous 
alcoholic sodium hydroxide the CIS compound reacts faster than the C131 
compound. The ratio of the rates of reaction is 1 . 0 0 8 + ~ : ~ ~ ~ .  

INTRODUCTION 

A previous publication ( I )  has summarized some experiments showing 
that when tert-butyl chloride reacts with ethyl alcoholic silver nitrate 
solution, the ClS compound reacts faster than the CP7 compound. This 
paper describes these experiments in more detail, together with some 
further experiments in which the chloride was allowed to react with aqueous 
alcoholic sodium hydroxide solution. 

The reaction being studied is essentially the same in both series of experi- 
ments. The rate controlling step is the reaction: 

In the presence of silver nitrate the back reaction is prevented because the 
chloride ion is removed as silver chloride; the C4Hg+ ion reacts rapidly with 
the solvent to produce tert-butyl-ethyl-ether: 

When aqueous alcoholic sodi~im hydroxide is the medium, the C4Hg+ ion 
again reacts with the solvent or with the hydroxyl or ethoxide ions so that 
tert-butyl alcohol or tert-butyl-ethyl-ether is produced. The back reaction is 
prevented by the basic nature of the solution, since neither tert-butyl alcohol 
nor tert-butyl-ethyl-ether react with chloride ion in the absence of acid. For a 
sulnmary of the mechanism of the reactions of alkyl chlorides, see Reference 4. 

In the first series of experiments ( I )  the tert-butyl chloride was allowed to 
react with alcoholic silver nitrate solution (AR/lO) a t  room temperature. 
By means of three separate experiments the silver chloride arising from 
reaction of (a)  thefirst %yo, (b) the last 5y0, and (c) the whole of the tert-butyl 
chloride was isolated. The isotopic co~nposition of the chlorine in these samples 
was determined mass spectrometrically after conversion of the silver chloride 
to chlorine gas. In the second series of experiments the tert-butyl chloride was 
allowed to react with 50% aqueous alcoholic sodium hydroxide (&1/10) a t  
room temperature. Once again the chloride ion formed by reaction of (a )  the 
first 10% and (b) the last 7.5% was isolated and the isotopic conlposition 
determined. 

'Manziscript received Jzily 5, 1954. 
Contribntion from the Chemistry Branch, Atomic Etzergy of Canada Limited, Chalk River, 

Ont. Issz~cd as  A.E.C.L. No.  128. 
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In all cases the extent of the reaction was measured by gravimetric analysis. 
By co~nparing the C135/C137 ratios in the various sanlples \qjth that in the 
original tert-butyl chloricle (obtained from the experiment in which all of the 
chloride was allowed to react with silver nitrate) the relative rates of reactioll 
k35/k37 were obtained. 

EXPERIMENTAL 

The tert-butyl chloricle used was obtained from comn~ercial stock of boiling 
point 49.5-50.5"C. and redistilled before use. The portion used had a boiling 
point which was constant within &0.25"C. The alcoholic silver nitrate was 
M/lO in 98y0 ethyl alcohol. The aqueous alcoholic sodium hydroxide was 
MI10 in a mixture of equal volumes of water and 98% ethyl alcohol. 

Reactions with Silver Nitrate Solution 

The "35%" reaction.-Tert-butyl chloride (2.0 ml., 1.69 gm.) was added to 
alcoholic silver nitrate solution (&1/10, 200 ml.) a t  room temperature (about 
20°C.) and the solution shaken until the precipitated silver chloride just 
coagulated (about five minutes). I t  was then filtered as rapidly as possible 
through a "Buckner" funnel ancl the precipitate washed with alcohol. This 
precipitate was dissolved in strong ammonia solution and reprecipitated by 
adding nitric acid. The precipitate was then collected in a weighed sintered 
glass crucible, dried a t  llO°C., and weighed. I t  was found that  34.8% of the 
tert-butyl chloricle had reacted. I t  would have been better to have had a much 
smaller percentage reaction but five minutes was the minimum time required 
for the precipitate to coagulate sufficiently for effective filtration. 

The "last 5y0" reaction.-The reaction mixture was as above; the reaction 
was allowed to proceed for one hour, then the precipitate was filtered off and 
discarded. The filterecl reaction mixture was then allowed to continue reacting 
overnight and the silver chloride produced was isolated and weighed as before. 
This silver chloride corresponded to 5.2y0 reaction of the tert-butyl chloride, 
i.e. 94.8y0 had reacted when the initial precipitate was rejected. 

The " l O O ~ o "  reaction.-The above experiments were repeated except that 
the mixture was allowed to react for several hours, which is sufficient to bring 
about complete reaction and the wlzole of the precipitate was isolated as 
describecl above. 

The Reactions with Aqueous Alcoholic Sodium Hydroxide Solz~tion 

The i i l O ~ o "  reaction.-Tert-butyl chloride (2.0 nll., 1.69 gm.) was added to 
aqueous alcoholic sodium hydroxide (M/10, 200 ml.) a t  roo111 temperature 
(about 20°C.) and the solution left for 10 min. The solution was then extracted 
three times with benzene, and the benzene layer was rejected (to remove 
unreacted tert-butyl chloride). The aqueous alcohol phase was diluted with an 
equal volume of water and extracted with benzene again (the benzene being 
rejected). The aqueous phase now contained the sodium chloride formed by 
partial reaction of the tert-butyl chloride. Tlle solution was acidified with 
nitric acid and the chloride determined as silver chloride; 10.2y' of the ferf- 
butyl chloride had reacted. 
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The "last 7 . ~ j 7 ~ "  reaction.-The reactants were as above. After two and one 
half hours' reaction the solution was extracted twice with benzene, and the 
aqueous alcohol phase rejected. The benzene layer (containing the unreacted 
tert-butyl chloride) mas washed quickly with ice-cold water (with rejection of the 
aqueous washings) and then boiled under reflux with 50 ml. of M/lO aqueous 
s o d i ~ ~ m  hydroxide for several hours. The resulting mixture was then cooled 
and the benzene layer was rejectecl. The aqueous solution now contained the 
chloride ion (as sodium chloride) corresponding to the tert-butyl chloride which 
had been unreacted a t  the time of the original benzene extraction. This chloride 
ion was converted to silver chloricle by the standard procedure of gravi~netric 
analysis and weighed. I t  corresponded to '7.537, of the original tert-butyl 
chloride, i.e. 92.4'7Y0 had reacted a t  the time of the initial benzene extraction. 

Conversion of Silver Chloride to Chlorine Gas 

The various samples of silver chloride obtained as above were converted to  
chlorine gas for mass spectroinetric analysis. The silver chloride was dissolved 
in strong ammonia solution and the silver removed by precipitation with 
hydrogen sulphide. The solution was evaporated just to dryness (with the 
occasional addition of a few drops of ammonia solution) leaving a residue of 
ammonium chloride. The dried ammoni~~m chloride was heated with concen- 
trated sulphuric acid and, by means of a strean1 of nitrogen, the hydrogen 
chloride thus evolved was swept through a bubbler containing a little cold 
water. The aqueous hydrochloric acid was converted to chlorine gas by 
persulphate oxidation (2) in a stream of helium. The chlorine gas was frozen 
from the helium stream into a trap cooled in liquid nitrogen and transferred 
to a vacuum line where the helium was removed. The chlorine was dried over 
phosphorus pentoxide for 15 min. and transferred to  the mass spectrometer 
sampling bulbs. 

&lass Spectrometry 

A 90"-deflection, 6-in. radius mass spectrometer (3) was used for the isotopic 
analysis of the chlorine gas. A silicone oil diffuson pump was used in the gas 
inlet system, and apiezon high vacuum grease was used for stopcoclts and 
ground joints. The fore-leak pressure was adjusted by means of an evacuated 
expansion bulb. The mass spectrum was scanned magnetically and recorded 
with a Leeds and Northrup Speedonlax Type G. 

The mass spectrometer can exhibit a memory effect in the analysis of chlorine 
gas. However, if the samples are not widely different in their isotopic abun- 
dances, as is the case here, then the error arising from memory effect is 
small. 

The two stable isotopes of chlorine combine to form the following molecular 
species : 

Mass Composition 
70 C135C135 
72 C135C137 
74 C137C137 
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The  isotopic abundance ratio is given by:  

where (70) is the height of the mass 70 peak, and similarly for the others. 

RESULTS 

The  relative rates of reaction for tert-butyl chloride C135 and C137 can be 
calculated from the results in two ways: 

A. The isotopic con~position of the chloride ion obtained by partial reactioil 
of the tert-butyl chloride, i.e. tha t  from the "first" portion of the reaction, 
can be compared with the isotopic composition of the chlorine in the original 
tert-butyl chloride. 

B. Alternatively, the chlorine in the terf-butyl chloride which remains after 
partial reaction, i.e. that  from the "last" portion, can be compared with the 
original. The  isotope effect is calculated by treating the two isotopically 
distinguishable tert-butyl chlorides as two species undergoing separate first 
order reactions under identical reaction conditions. 

The  corresponding formulae are:- 

where: 
k35/k37 is the  ratio of the rate constants; 
F135 and F137 are the fractions of C135 and C13' in the  chlorine of the original 
tert-butyl chloride-so that ,  if  C135/C137 is the measured ratio of isotopic 
abundances, then: 

ci35"/~37 
f7135 = - 1 

and FIS7 = . 
1 + C I " / C ~ ~ ~  ' 

F235 and F237 are the similar q~iantit ies for the chloride ion produced by partial 
reaction ; 
and p  is the fraction of the tert-butyl chloride reacted. 

where : 
F335 and F337 are for the chlorine in the tert-butyl chloride which remains after 
partial reaction ; 
and (1 - p )  is the fraction remaining unreacted. 

The  results and calculated isotope effects are summarized in Table I. 
In  each case, the error shown for the isotopic abundance ratio C135/C137 is 

the standard deviation of the individual spectrograms from their mean. The 
errors shown for the ratios of rate constants k35/k37 are calculated on the basis 
of the errors in C135/C1" ratios. Errors arising from the mass spectrometer 
memory effect are eq~iivalent to a cross contamination of samples which is 
certainly less than 10% and is probably in the order of 2%. Any cross con- 
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TABLE I 
SUMMARY OF RESULTS 

Reaction between CIHs  Cl and A g N 0 3  i n  alcohol 
(1) Chlorine from first 34.8% reaction 3101*0.003 1 1.007ZtO.003 

(2) Chlorine from 100% reaction 3 .087~t0 .003  

(3) Chlorine from last 5.2% reaction 3.019Zt0.005 1.008Zt0.001 

Reaction between CdH9C1 and NaOH i n  aqueous alcohol 

(4) Chlorine from first 10.270 reaction 3.113Zt0.003 
(5) Chlorine from 100% reaction 1~.009&0.002 

(taken to be same as (2) above) 3.087Zt0.003 

(6) Chlorine froin last 7.53% reactio~~ 3.035Zt0.001 1.007Zt0.001 

tamination of sample tends to lessen the measured isotope effect because it 
makes the isotopic conlpositions of the various sainples appear to be more 
nearly identical than they in fact are. A cross contamination of lOYo would 
cause the observed k35/k37 ratio be to be about 0.001 low. Allowing for this 
possibility the isotope effect may therefore be taken as k35/p7 = 1 .008?~ :~~? .  

CONCLUSION 

The isotope effect is small bit significant and is in the expected direction 
i.e., the heavier isotope of chlorine is bound more firnlly to the carbon aton1 
than is the lighter isotope and conseqi~ently undergoes bond breaking reactions 
less rapidly. There is no measurable difference in the effect for the two sets of 
reaction conditions. 
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NOTES 
-- 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

I. CODEINE MONOHYDRATE, CODEINE (ANHYDROUS), DIHYDROCODEINONEL 

This is the first of a series of short notes 011 the unit cell constants, space 
groups, and indexed X-ray diffraction powder data for a number of narcotics 
(largely opium alkaloids and some of tlreir salts). The determinations were 
made to authenticate a few of the powder patterns obtained in a recent 
survey of 83 narcotics (3) and as a preliminary step in the choice of suitable 
compounds for detailed structure investigation. 

The unit cell and space group data nlere collected by the Buerger precession 
method (4), films were measured with the standard measuring device (5), 
and corrections for film shrinkage (2) were applied. Unless specifically stated 
otherwise, all precession photographs were taken with either Cu I(, radiation 
(A = 1.5418 A) or Co 1' radiation (X = 1.7902 A). Densities were determined 
by flotation of clear crystals in binary solutions of carbon tetrachloride or 
methylene iodide with acetone or benzene, as dictated by the particular com- 
p u n d  involved, and all measurements were made a t  a temperature of 21-23' C. 

The techniques employed for the powder photographs have been described 
i n  detail elsewhere (1, 3) where the complete powder data will be found. In  
the present notes, only those values of the observed spacings (generally for 
d > 3 A) are repeated for which it seems useful to record the indices of the 
corresponding planes. Although indexing was continued to lower values of d 
than the s~nallest appearing in the present Tables of powder data, coincidence 
of reflections becomes too numerous a t  the higher 28 angles to make the in- 
clusion of the indices of any value. In all cases, Co Ku radiation (X = 1.790 A) 
was employed for the powder photographs and the apparatus "cut-off" was 
20 A ;  film shrinkage corrections were not significant, and, therefore, were not 
applied. After indexing, the powder films were re-examined on the powder-film 
measuring device and an estimate was made of the reflections that might 
reasonably be expected to have contributed to a given line on the photograph; 
such reflections are bracketed in the c o l ~ ~ m n s  of cE(Ca1c.) in the tables of 
powder data. Reflections probably present, but with 1/11 < 1, are indicated 
by an asterisk in the columns of d(0bs.). Lines which appeared to be broader 
than the general average for a given pattern are designated B (broad) and 
BB (very broad) in the columns of 1/11. 

Unless otherwise acknowledged, all substances (some of commercial and 
some of laboratory origin) which are the subject of the present series of notes 

LIsszred as N.R. C. No. 3358. 
*Now wifh the Alunzinum Company of Canada, Araida, Qlre. 
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TABLE I 
SINGLE CRYSTAL DATA FOR CODEINE MONOHYDR.ATE, 

CODEINE (ANHYDROUS), AND DIHYDROCODEINONE 

I I I 

I Codeine I Codeir~e Dihydr-ocodeinone 
monoh ydrate (anhydrous) 

n 
b 
C 
S.G. 
z 
P (calc.) 
P (obs.) 

TABLE I1 
INDEXED X-RAY DIFFRACTION POWDER DATA (a> 3.00 A) 
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TABLE I11 

INDEXED X-RAY DIFFRACTION POWDER DATA (d> 3.00 A) 
FOR CODEINE (ANHYDROUS) AND DIHYDROCODEINONE 

--- - 

Codeine (anhydrous) 11 Dihydrocodeinone 

were kindly supplied by Dr. C. G. Farmilo. Their authe~ltication has been 

i 
d (A) 

discussed elsewhere (8). 

Obs. 

10.1 
7.34 
6.85 

6.63 

6.47 
6.20 
6.00 
5.23 

5.04 

4.59 
4.77 
1 

* 

4.12 
- 

Data for codeine monohydrate, C18H3103r\T.H20, codeine (anhydrous free 
base), C18H21O3r\T, and dihydrocodeinone (dicodide), C18H3103r\T, are presented 
in Tables I ,  11, and 111. Codeine was crystallized from water as the mono- 

Calc. 

10.0 
7.36 
6.84 

Q::; 
6.48 
6.20 
6.00 
5.25 

{:::; 
4.90 
4.78 
4 .62  
4.36 

{:::: 
3.99 

hydrate, and from absolute ethanol as the anhydrous base. Crystals of the 
hydrate gave a positive -piezoelectric test. They are efflorescent and gradually 
become opaque, even in a closed vial, without losing their external forin; such 
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BARNES A N D  FORSYTH:  NARCOTICS. I 987 

individual pseudon~orphs give excellent powder patterns of anhydrouscodei~ie 
without crushing. Specimens of codeine, therefore, sometimes represent 
mixtures of the hydrated and the anhydrous forms and this fact should be 
borne in mind when X-ray diffraction powder patterns are employed for the 
identification of cocleine base. In the present investigation the monohydrate 
and the anhydrous phase were differentiated initially on the basis of the axial 
ratios deduced from the single-crystal data (Table I ) ,  thus, a :  b :  c = 

0.9621 : 1 : 0.8326 (compare, 0.9595: 1 : 0.8346) (9, No. 2060) for codeine mono- 
hydrate, and a :  b: c = 0.9291: 1 : 0.5085 (compare, 0.9298: 1: 0.5087) (9, 
No. 2059) for anhydrous codeine. 

The  ring to which the alcoholic OH is attached in codeine (morphine methyl 
ether), CHJO . C17HL70N .OH, contains one double bond ; in dihydrocodeinone, 
CH30.C17HLsON.0, this ring is fully saturated and a keto-oxygen replaces the 
O H ;  otherwise the structural formulae of the two compounds are identical. 
The crystal structures of both, therefore, may be expected to be very similar 
and this is supported by the single-crystal data  of Table I and the powder 
data  of Table 11. 

Castelliz and Halla (6) have reported the space group of codeine and of 
"P-methyl-morphimetin" (p-methylmorphimethine (10)) as P2L212. For codeine 
they found a = 27.70, b = 29.80, c = 7.59 f% (probably kX units). Tha t  the 
material they examined really was codeine (anhydrous free base), and that  
their unit cell orientation is the same as that  on which the present data  are 
based, is indicated ( I )  by the axial ratio calculated from their cell dimensions, 
thus, a :  b: c = 0.9205: 1: 0.2547 (i.e., 0.5094/2), (2) by the fact that if their 
values for n and b are each divided by 2, the three axial lengths are similar 
(actually 1% higher in each case) to  the corresponding ones obtained in the 
present study (see Table I ) ,  and (3) their observed density is 1.3068 compared 
with the present value (observed) of 1.310. Why they should have doubled 
the lengths of both a and b and missed the screw-axis along c is not clear. 
The  fact that  they found 16 molecules per cell, thus requiring (as they realized) 
four sets of general fourfold positions, should have suggested that the cell as 
measured probably was too large to  be the true one. I t  is unfortunate that 
some of these data for codeine and for p-methylmorphimethine should have 
found their way into Crystal Data (7), particularly since there has been some 
confusion in the listings. Thus the prefix "beta-" has somehow become attached 
to "Codeine" in the Name Index (7, p. 677) and (under space group D:- 
P212,2) in the Main Table (7, p. 27); this is particularly misleading because 
"p-codeine" is an  alternative name for an isomer of codeine, namely, neopine. 
Apart from this, the nu~nerical da ta  of Castelliz and Halla (6) for codeine are 
not included in the Deternlinative Tables. On the other hand, p-methyl- 
morphimethine appears as  "beta-Methyl-moryhimetin" [sic] not only in the 
Name Index (7, p. 697) but also, with the complete da ta  of Castelliz and 
Halla (6), in the Determinative Tables (7, p. 287). These data  probably are 
no more reliable than are those for codeine; in fact, the number of molecules 
per cell is given in the original note (6) as  "16 (- 17)". Finally, p-methyl- 
morphimethine does not appear with codeine in the lMain Table (7, p. 27). 
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UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

11. dl-METHADONE HYDROCHLORIDE, dl-METHADONE HYDROBROMIDE1 

The  unit cell constants, space group, and X-ray diffraction powder da ta  fo r  
dl-methadone (amidone: 6-dimethyl-4,4-diphenyl-3-heptanone) hydrochloride 
and for dl-methadone hydrobromide were determined by the methods outlined 
in Par t  I of this series of notes (1); the results are shown in Tables I and 11. 

Both salts were recrystallized from distilled water. Some difficulty was 
experienced with one laboratory preparation of the hydrobromide (2) appar- 
ently because of nlixed crystal formation with a significant proportion of the 
hydrochloride as contaminant. The purity of the crystals used for the X-ra). 
diffraction data  reported, however, was established by converting the salt to 
the free base with concentrated ammonia solution and obtaining the powder 

TABLE I 

I dl-Methadone 1 hydrochloride hydrobromide 

a 
b 

b 
S.G. 
z 
p (calc.) 
P (obs.1 

lIsst~ed as N.R.C. No. 3359. 
*Now with tlze Alz~nzinz~nz Company of Canada, Aruida, Que. 
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UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

11. dl-METHADONE HYDROCHLORIDE, dl-METHADONE HYDROBROMIDE1 

The  unit cell constants, space group, and X-ray diffraction powder da ta  fo r  
dl-methadone (amidone: 6-dimethyl-4,4-diphenyl-3-heptanone) hydrochloride 
and for dl-methadone hydrobromide were determined by the methods outlined 
in Par t  I of this series of notes (1); the results are shown in Tables I and 11. 

Both salts were recrystallized from distilled water. Some difficulty was 
experienced with one laboratory preparation of the hydrobromide (2) appar- 
ently because of nlixed crystal formation with a significant proportion of the 
hydrochloride as contaminant. The purity of the crystals used for the X-ra). 
diffraction data  reported, however, was established by converting the salt to 
the free base with concentrated ammonia solution and obtaining the powder 

TABLE I 

I dl-Methadone 1 hydrochloride hydrobromide 

a 
b 

b 
S.G. 
z 
p (calc.) 
P (obs.1 

lIsst~ed as N.R.C. No. 3359. 
*Now with tlze Alz~nzinz~nz Company of Canada, Aruida, Que. 
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TABLE I1 
INDEXED X-RAY DIFFRACTION POWDER DATA (a> 3.60 A) FOR 

dl-METIIADONE HYDROCHLORIDE AND dl-METIIADONB HYDROBROMIDE 

dl-Methadone hydrochloride dl-hlethadone hydrobromide 

I d(A) ' hkl 
Obs. 1 Calc. 

-, 

pattern of the liberated ammonium salt. The latter showed excellent agree- 
ment with precision data (4) for NH4Br. The  density calculated on the basis 
of the single-crystal data (assuming pure methadone hydrochloride) also was 
in satisfactory agreement with that measured experimentally for these crystals. 

A curious anomaly was encountered in the case of the hydrochloride. Inde- 
pendent determinations of the unit cell constants on separate crystals were 
in agreement to be'tter than 0.2%, and the calculated density (assuming pure 
methadone hydrochloride) was 1.171 gm./ml. Three independent measure- 
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ments by different individuals on separate groups of crystals from the same 
preparation, however, while in satisfactory mutual agreement, gave an average 
density of 1.207 gm./n~l. The  difference could be explained by replacement of 
approximately one third of the CI atoms with Br atoms, or by the presence of 
4 mole H 2 0  per mole anhydrous salt. T h e  first possibility is most unlikely 
because the powder pattern of the ammonium salt obtained by the action of 
ammonia (2) was in excellent agreement with precision data  (4) for NH4C]. 
The  second possibility is eliminated by a water-determination carried out by 
Mrs. P. M. Oestreicher (3). Finally, a density of 1.178 gm./ml. (mean of eight 
measurements) was observed for crystals from a different preparation, while 
the powder clata from both specimens were the same within the limits of 
experimental error. I t  seeins probable, therefore, that  the higher density found 
for the first lot of crystals is real, but  may be clue simply to  surface contamina- 
tion. On the other hand, further study of the density of dl-methadone hydro- 
chloride crystals from different preparations might be of interest. 

Hubach and Jones (5) obtained some Weissenberg photographs of dl- 
methadone hydrochloride bu t  d o  not report any values for the axial lengths of 
the unit cell. The  monoclinic angle was measured with the rotating stage of 
the microscope as  74" (i.e., = 106"). They found those space group extinctions 
which are consistent with either Cc or C2/c but  rulecl out the twofold axis on 
the basis of the morphology of the crystals, thus concluding tha t  the space 
group is uniquely established as  Cc. On the other hand, the presence of eight 
molecules per cell (Table I )  favors C2/c unless, of course, the structural unit 
comprises two molecules. 

The  powder d a t a  of Hubach and Jones (5) (obtained with CLI K, radiation) 
for dl-methadone hydrochloride are in very good agreement with those of 
Table I1 with the exception of a line of d = 5.04 A (very weak) which cannot 
be a K, line because it does not index on the basis of the single-crystal da ta  of 
Table I ;  it agrees, however, with a Kg reflection corresponding to  their strongest 
line of d = 4.55 A. With the exception of a line of d = 5.65 A (medium weak), 
their pattern does not contain those lines for which 1/11 I 5 in the present 
photographs, although their line of d = 5.38 A (very weak), which could be 
indexed as  113 (d(Ca1c.) = 5.34 A), does not appear on the present films. 

Finally, in connection with the data  of Table 11, it may be mentioned t h a t  
the very broad line of d = 3.71 A is resolved on some filnls into two lines of 
d = 3.76 A and d = 3.68 A, respectively. 

1. BARNES, W. H. and FORSYTH, W. J.  Can. J. Chem. 32: 984. 1954. 
2. BARNES, W. H. and SHEPPARD, H. M. Bull. Narcotics U.N. Dept. Social Affairs. In press. 

1954. 
3. FARMILO, C. G., OESTREICHER, P. M., and LEVI, L. Bull. Narcotics U.N. Dept. Social 

Affairs, 6: 7. 1954. 
4. HAVINGHURST, R. J., MACK, E., and BLAKE, F. C. J. Am. Chem. Soc. 46: 2368. 1924. 
5. HUBACH, C. E. and JONES, F. T. Anal. Chem. 22: 595. 1950. 
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UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION DATA FOR 
CERTAIN NARCOTICS 

111. dl-ALPHAPRODINE HYDROCHLORIDE, dl-BETAPRODINE HYDROCHLORIDE' 

The  unit cell constants, space group, and X-ray diffraction powder da ta  for 
dl-alphaprodine (nisentilR; a-l,3-dimethyl-4-phenyl-4-propion~xy~iperidine) 
hydrochloride, C1GI123N02.HC1, and for dl-betaprodine hydrochloride were 
determined by methods previously outlined (1); the results are shown in 
Tables I and I I .  

No difficulty was experienced with the specimen of the alpha-form but  
that of betaprodine hydrochloride was found to consist of crystal fragments 
of two different types. T h e  larger crystals were slightly elongated along b and 
were tabular on (100).  The best-developed forins were the three pinacoids so 
that,  with p differing from 90" by 17" only, the crystals had the superficial 
appearance of rectangular plates under low magnification. This constituent 
was identified as the a-form by  direct comparison of its powder pattern with 
that  of the specimen of dl-alphaprodine hydrochloride. The  smaller crystals 
also were monoclinic but were tabular on (001 J with other forins so developed 
as to give a somewhat elongatecl, pseudohexagonal outline under low magnifi- 
cation. They were present in larger proportion in the mixture and were accepted 
as representing the P-form. I t  was not clifficult, therefore, to  select reasonably 
good individual crystals of both the a-  and P-forms from the partially or wholly 
anheclral fragments comprising the bulk of the specimen of dl-betaprodine 
hydrochloride. 

According to  the method of Ziering and Lee (2), dl-alphaprodine hydro- 
chloride and dl-betaprodine hydrochloride are separated by first crystallizing 
out the a-form from a solution of the two in about 600 cc. of acetone containing 
a little methanol. Concentrating the filtrate to 250 cc. and allowing it to stand 
in the ice-box overnight then gives a second crop of crystals (supposedly the 

TABLE I 
SINGLE CRYSTAL DATA FOR dl-ALPHAPRODINE HYDROCHLORIDE AND FOR 

dl-BETAPRODINE HYDROCHLORIDE 

I 1 

C 

B 
S.G. 
z 

dl-Alphaprodine 
hydrochloride 

15.77 A 
8.15 A 

dl-Betaprodine 
hydrochloride 

-- 

12.09 A 
11.84 A 

'ISSZLC~ as N.R.C. No. 5562. 
*Now with the Alzlniinunr Company of Canada, Aruida, Que. 
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TABLE I1 
INDEXED X-RAY DIFFRACTION POWDER DATA (d> 3.50 A) FOR 

dl-ALPHAPRODINE IIYDROCHLORIDE AND dl-BETAPRODINE HYDROCHLORIDE 

l i  
dl-Alphaprodine hydrochloride 1 )I dl-Betaprodine hydrochloride 

d(A) 1 1 1 I,,, 1 d(k--i hkl 

Obi. Caic. Obs. Calc. 

p-form) which is finally recrystallized three times from acetone. If  the two 
speci~nens of prodine l~ydrocl~loride available for the present investigation 
were separated in this way, i t  is perhaps not surprising tha t  the one labelled 
p-prodine hydrochloride should contain some of the a-isomer; this possibility 
should be considered in proble~ns of identification involving prodine hydro- 
chloride. 

1. BARNES, W. H. and FORSYTH, W. J. Can. J .  Chem. 32: 984. 1954. 
2. ZIERING, A. and LEE, J. J .  Org. Chem. 12: 911. 1947. 
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UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

IV. PROTOPINE' 

The unit cell constants, space group, and X-ray diffraction powder da ta  for 
protopine, C20H150~N, were determined by methods outlined previously 
(1). 

Three samples were examined. The first (A), from a conlmercial supplier, 
was found (2) to be a mixture of two substances of arhich the coarser-grained 
proved to  be protopine. The secollcl constituent, however, was no t  identified 
but presumably it represents another alltaloid that  was not separated from 
the protopine during the course of the procedure employed to isolate the 
latter; it is not cryptopine, nor any of the other narcotics for which powder 
data  were readily available (2) for comparison. 

The  other two samples (B, C) were kindly provided by Dr. L. R/I?-' c 11011. 

One of these (B), in the form of a relatively fine-grained powder, had come 
from the same commercial source as A. The second (C), comprising good single 
crystals and crystal aggregates, had been extracted from Adlz~mia fungosa 
and authenticated as  protopine by Dr. Marion. 

Powder patterns from B and from crushed fragments of C were identical 
with each other and with the coarser-grained material of A which was respons- 
ible for the appearance of markedly spotty lines on solne of the powder 
photographs of the mixture. Confirmation was obtained from photograplls 
of a few of the larger fragments from mixture A nrllich were selected and 

TABLE I 
INDEXED X-RAY DIFFRACTION POWDER DATA (d> 4.00 A) FOR PROTOPINE 

'Issued as N.R.C. No. 3565. 
*hTow with the Alz~ntinzrnt Company of Canada, Aruida, Que. 
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removed under the stereoscopic ~nicroscope and then reduced to a po~~rder. 
Precessioil photographs also were taken of a single clear fragment froin A 

and of a small crystal fi-on1 C. This conlpletely established the identity of the 
larger particles of A as protopine and furnished data for the determination ol  
the unit cell constants and space group. 

Tlie space group of protopine is P 21/c; a = 7.109 i%, b = 17.44 A, c = 16.08 
i% (C chosen >a to give protopine the standard (3) orientation for C2,,5, unicl~le 
axis b), ,B = 122'45'; the number of inolecules per cell (Z) = 4;  pcalc.= 1.399 
gm./ml., p,,, = 1.303 gm./~nl. 

On the basis of a morphological study by Schwantle of protopine crystals 
from Chelidoniurn rnajus, Schmidt (4) gives the axial ratio a: b : c = 0.8992 :I:? 
and /3 = 57'19' (i.e., 122'4lt), the latter in excellent agreement with the 
present value. If the a and G of Schwantke be interchanged, his axial ratio 
rnaj. be coinpared directly with the present a :  b: G = 0.4076:1:0.9219. 

1. BARNES, W. H. and FORSYTH, W. J. Can. J. Chem. 32: 984. 1954. 
2. BARNES, W. H. and SHEPPARD, H. M. Bull. Narcotics U.N. Dept. Social Affairs. I n  

press. 1954. 
3. I~lternational Tables for X-Ray Crystallography (I<ynoch), Birmingham. 1952. 
4. SCHMIDT, E. Arch. Pharm. 239: 402. 1901. 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

V. PAPAVERINE, PAPAVERINE HYDROCHLORIDE1 

During the compilation of X-ray diffraction powder data for the identifica- 
tion of a number of narcotics (3), no difficulties were encountered in obtain- 
ing reproducible photographs from papaverine (6:7-dimethoxy-1-[3':4'-di- 
methoxy-benzyl] isoquinoline), C20H1104N, or from papaverine hydrochloride. 
In fact the base was selected for a demonstration of the effect of radiation 
wave-length on the appearance of powder photographs (I).  At the time of the 
narcotics survey, therefore, it was not deemed essential to authenticate the 
powder data for either the free base or the hydrochloride from single-crystal 
data. During the preparation of the present series of notes ( 2 ) ,  however, 
unit cell and space group data have become available (4) for both papaverine 
and papaverine hydrochloride and thus it now becomes of interest to index 
the powder patterns. The results are shown in Table I. 

Van Hulle, Amelinckx, and Dekeyser (4) give the space group of papaverine 
as P2,2121 wit11 a = 9.50 A, b = 29.22 A, c = 6.35 A,  and that of papaverine 
hydrochloride as P 2 1 / ~  with a = 13.10 A, b = 15.80 A, c = 9.22 A, P=92"3Gt. 
The cell dimensions were obtained from rotation and Weissenberg photographs 
and P (for the hydrochloride) from goniometric measurements and b-axis 
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removed under the stereoscopic ~nicroscope and then reduced to a po~~rder. 
Precessioil photographs also were taken of a single clear fragment froin A 

and of a small crystal from C. This conlpletely established the identity of the 
larger particles of A as protopine and furnished data for the determination ol  
the unit cell constants and space group. 

Tlie space group of protopine is P 21/c; a = 7.109 i%, b = 17.44 A, c = 16.08 
i% (C chosen >a to give protopine the standard (3) orientation for C2,,5, unicl~le 
axis b), ,B = 122'45'; the number of inolecules per cell (Z) = 4;  pcalc.= 1.399 
gm./ml., p,,, = 1.303 gm./~nl. 

On the basis of a morphological study by Schwantle of protopine crystals 
from Chelidoniurn rnajus, Schmidt (4) gives the axial ratio a: b : c = 0.8992 :I:? 
and /3 = 57'19' (i.e., 122'4lt), the latter in excellent agreement with the 
present value. If the a and G of Schwantke be interchanged, his axial ratio 
rnaj. be coinpared directly with the present a :  b: G = 0.4076:1:0.9219. 

1. BARNES, W. H. and FORSYTH, W. J. Can. J. Chem. 32: 984. 1954. 
2. BARNES, W. H. and SHEPPARD, H. M. Bull. Narcotics U.N. Dept. Social Affairs. I n  

press. 1954. 
3. I~lternational Tables for X-Ray Crystallography (I<ynoch), Birmingham. 1952. 
4. SCHMIDT, E. Arch. Pharm. 239: 402. 1901. 

UNIT CELL, SPACE GROUP, AND INDEXED X-RAY DIFFRACTION POWDER 
DATA FOR CERTAIN NARCOTICS 

V. PAPAVERINE, PAPAVERINE HYDROCHLORIDE1 

During the compilation of X-ray diffraction powder data for the identifica- 
tion of a number of narcotics (3), no difficulties were encountered in obtain- 
ing reproducible photographs from papaverine (6:7-dimethoxy-1-[3':4'-di- 
methoxy-benzyl] isoquinoline), C20H1104N, or from papaverine hydrochloride. 
In fact the base was selected for a demonstration of the effect of radiation 
wave-length on the appearance of powder photographs (I).  At the time of the 
narcotics survey, therefore, it was not deemed essential to authenticate the 
powder data for either the free base or the hydrochloride from single-crystal 
data. During the preparation of the present series of notes ( 2 ) ,  however, 
unit cell and space group data have become available (4) for both papaverine 
and papaverine hydrochloride and thus it now becomes of interest to index 
the powder patterns. The results are shown in Table I. 

Van Hulle, Amelinckx, and Dekeyser (4) give the space group of papaverine 
as P2,2121 wit11 a = 9.50 A, b = 29.22 A, c = 6.35 A,  and that of papaverine 
hydrochloride as P 2 1 / ~  with a = 13.10 A, b = 15.80 A, c = 9.22 A, P=92"3Gt. 
The cell dimensions were obtained from rotation and Weissenberg photographs 
and P (for the hydrochloride) from goniometric measurements and b-axis 
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BARMES: N..IRCOTICS. 1' 995 

zero-level Weissenberg  films. T h e  rac l i a t io~ l  employecl was Cu I(,. The v a l u e s  
f o r  d(Calc . )  in Table I a r e  'der ived frorn these c o n s t a n t s .  

TABLE I 
ISDEXED X-RAY DIFFRACTION POWDER DATA FOR PAPAVERINE 

(d> 3.25A) AND PAPAVBRINE HYDROCHLORIDE (d> 3.65A) 

il 

Papaverille i / Papaverille hydrochloride 

hkl 

1. BARNES, W. H. Bull. Narcotics U.N. Dept. Social Affairs, 6: 28. 1954. 
2. BARNES, W. H. and FORSYTH, W. J. Can. J. Chem. 32: 984. 1954. 
3. BARNES, W. H. and SHEPPARD, H. M. Bull. on Narcotics U.N. Dept. Social Affairs. 

I n  press. 1954. 
4. VAN HULLE, A,, AMELINCKX, S., and DEKEYSER, W. Acta Cryst. 6: 665. 1953. 
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THE EFFECT OF MEMBRANE THICKNESS IN DIALYSIS 

In another investigation it was suspected that  under certain conditions 
the thicltness of the membranes in the Webcell Continuous Dialyzer, Labora- 
tory Model (Brosites Machine Company, New York) was not a rate-controlling 
factor. No inforination on the effect of membrane thickness in continuous 
dialysis was found in the literature. T o  investigate this phenomenon further, 
aqueous sodi~un chloride and sucrose solutions (100 gin.:'liter) were dialyzed 
a t  various feed rates with No. 300 and No. 450 P.T. cellophane membranes. 
The thickness of the dry membranes was 0.00088 in. and 0.0012 in., respect- 
ively. The  water feed rate was 200 ml./rnin. In addition, batch dialyses were 
carried out with the same solutioils and membranes. The  solutions were 
stirrcd vigorously, ancl the water feed rates were sufficient to render the 
concentration of solute in the effluent diffusate negligible. The  temperat~ure 
was 10-15" in all experiments. Pertinent information is given in Table I. 

TABLE I 
RESULTS OF DIALYSES 

I I I I 
Solution feed rate, Dialysis rate 

Type of clialysis Solute iMelnbrane ml./min. coefficient* 

Continuous 

Batch 

Sodium 
chloricle 

Sucrose 

Sodium 
chloride 

I 

*Gra~tls of solz~te transferred per square meter of ?tzenzbrane per hoz~r per grmn per liter concen- 
tration difference (geometric mean). 

The usual statistical tests? indicated that  there was no correlation between 
the solution feecl rate and the dialysis rate coefficient; that ,  for the continuous 

?Kindly applied by Dr. D .  B. DcLury. 
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FIERBST: J IEJ lHRANE THICKNESS 997 

dialysis of sodium chloride, there was no significant difference between the 
dialysis rate coefficients for the two membranes; and that,  for the batch dialysis 
of sodiu~n chloride and the batch and continuous dialysis of sucrose, there was 
a significant difference between the dialysis rate coefficients for the two 
n~en~branes.  

Fick's law is obeyed fairly well in the batch dialysis of sodium chloride and 
the batch and continuous dialysis of sucrose (the ratio of the thiclcnesses of 
the dry membranes is 1.4, while the ratio of the clialysis rate coefficients is 1.4 
for the continuous dialysis of sucrose, 1.3 for the batch dialysis of sodium 
chloride, and 1.2 for the batch dialysis of sucrose). Thus, the results indicate 
that  in the contir~uous dialysis of sodium chloride, transfer to the membrane 
was a rate-controlling process, while, in the batch dialysis of sodium chloride 
and the batch and continuous dialysis of sucrose, transfer through the Inem- 
brane was a rate-controlling process. 
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C a n a d i a n  J o u r n a l  o f  C h e m i s t r y  
Issued by THE NATIONAL RESEARCH COUNCIL OF CANADA 

VOL. 32 NOVEMBER 1954 NUMBER 11 

A POLYSACCHARIDE FROM THE BLUE-GREEN ALGA, 
ANABAENA CYLINDRICAL 

ABSTRACT 

A complex polysaccharide has been isolated from the fresh-water alga, 
Anabaena cylindrica, grown in a synthetic culture medium. Prolonged acid 
hydrolysis yielded glucose, xylose, glucuronic acid, galactose, rhamnose, and 
arabinose in a molar ratio of 5 : 4 : 4 : 1 : 1 : 1. Chemical fractionations of the 
polysaccharide material from solution in cupriethylenedianiine, and of its 
acetate from organic solvents indicated chemical homogeneity. 

Except for the work of Hough, Jones, and Wadman (5) on Oscillatoria and 
Nostoc, little is known of the carbohydrate constituents of blue-green algae. 
In the gelatinous nodules of Nostoc, these authors found a conlplex polysacchar- 
ide containing six different sugars. The observation in this laboratory of agar- 
like gels formed by old partly evaporated cultures of Anabaena, a genus 
closely related to Nosioc, suggested that a similar carbohydrate might be 
present. Preliminary examination of this material showed that six sugars were 
present and further study indicated that they were components of one complex 
polysaccharide. In a recent study, Fogg (3) has described the production of a 
polypeptide and a pentose by the same organism. The present paper reports 
the properties and conlposition of its polysaccharide component. 

Anabaena cylindrica Lemm. (Class Myxophyceae; Order Nostocales; 
Family, Nostocaceae) was grown in a liquid inorganic medium with or without 
supplementary carbon dioxide and under low or high light intensity. The same 
polysaccharide was found under all four conditions of growth. 

The polysaccharide was isolated from the cult~lres after renloval of non- 
carbohydrate material by treatment with hot dilute alltali. Examination of the 
acid-hydrolysis products of the polysaccharide material by qualitative and 
quantitative paper chromatography showed glucose, xylose, galactose, rham- 
nose, and arabinose in approximate molar ratios of 5 : 4 : 1 : 1 : I .  Thermal 
decarboxylation (10) indicated the presence of 4 moles of uronic acid. The five 
neutral sugars were identified by their optical rotatioils and by isolation of 
crystalline speci~nens. When examined on paper chron~atograms the uronic 
acid and its methyl ester gave spots corresponding to glucurone and glucuronic 

1 Afcn~isci.ipt received Jzily 29, 1954. 
Conirib>tiom f rom the  Divis ion cf Appl ied Biology,  1V~-,tioncl Research Lcbcralcries,  Ol lcwa,  

Canada. Isstled cs N.R.C. No. 3373. 
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acid methyl ester. Thus the uronic acid was tentatively identified as  glucuronic 
acid. 

Chemical fractionations of the polysaccharide Inaterial from ~ i i p r i e t h y 1 ~ n ~ -  
diamine, and of its acetate from organic solvents, yielded no chemically 
different portions. Stepwise acidification of a cupriethplenediamine solution 
of the polysaccharide yielded four fractions with the same composition and 
optical rotation ([el: - 12"). The acetate was insoluble in all organic solve~lts 
except dioxane in which it was soluble to the extent of only 0.1%. The soluble 
and insoluble fractions had the same con~positions as the original acetate. 
Graded hydrolysis revealed no structural characteristics of the polysaccharide. 
Three hours' heating with 0.025 N sulphuric acid partially liberated all six 
conlponents while more dilute acid had no effect. 

From the evidence obtained it appears that  the polysaccharide proclucecl by 
Anabaena cylindrica is a complex, chen~ically homogeneous polysaccharide. 
Any fractionation obtained must have been on a basis of n~olecular weight. 
No confirmation of this possibility could be made because of the insolubility 
of all fractions in solvents suitable for ~nolecular weight estimation. 

The chemical conlposition of the Anabaena polysaccharide appeared to be 
similar to  that of the complex acidic polysaccharide isolated from Nostoc by  
Hough et al. (5). The monosaccharide units, glucose, galactose, xylose, rhain- 
nose, and glucuronic acid were present in each and, in addition, the polysacchar- 
ide of Anabaena contained arabinose while tha t  of Nostoccontained galacturonic 
acid and an unknown sugar. Both polysaccharides showed a markecl resistance 
to acid hydrolysis. Poor solubility properties and gel formation made purifica- 
tion difficult. 

When the cell-free medium and cellular residue of Anabaena cultures were 
examined separately, polysaccharide material having the same chemical 
composition was found in each portion. Microscopic examination of the alga 
mounted in India ink showecl that many of the filaments were enclosed in a 
mucilaginous material which was readily sloughed off into the medium. These 
observations suggest that the polysaccharide may be derived from the mucila- 
ginous envelopes surrounding the trichomes. 

EXPERIMENTAL 

Paper strip chromatograms were run a t  room temperature (22-26OC.) on 
Whatman No. 1 using the following solvent systems: (a) pyridine : ethyl 
acetate : water, 1 : 2 : 2 (7) ; (b) butanol : pyridine : water, 6 : 4 : 3 (6) ; 
(c) butanol : pyridine : water, 10 : 3 : 3 (8). 

Culturing of Anabaena cylindrica 

A stock culture of Anabaena cylindrica Lemm. 1403-2 was obtained from 
the Cambridge Culti~re Collection of Algae and Protozoa. 

Transfers were made to modified Chu No. 10 Solution (2) with nitrate 
concentration doubled and 1 ml. 4% Hoagland's solution added per liter. 
Presterilization pH was adjusted to  9.0 with dilute sodium hydroxide. Cultures 
were grown on a shaker under fluorescent daylight lamps (100-125 ft. candles) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BISHOP ET AL.: POLYSACCHARZDE 1001 

a t  28°C. Although most of the material examined was grown under the above 
conditions, some cultures were supplied with 670 carbon dioxide in air (about 
30 ml. per min. per liter) and others exposed to  a higher light intensity (900 ft. 
candles) with or without supplementary carbon dioxide. For cultures on which 
yields are reported a 100 ml. suspension of Anabaena (dry weight of cells, 
about 1.4 mgm.) was used to  inoculate each 900 ml. of medium in a 2 liter 
Erlenmeyer flask. Dry weights were determined periodically on cellular 
residues and supernatants obtained by centrifuging 50 1-111. aliquots a t  27,000 
r.p.m. for 10 min. Cellular residues and supernatants were evaporated to dry- 
ness under reduced pressure a t  40°C. 

At low light intensity no significant difference was found in the total dry 
weight yields (ca. 110 mgm. per 100 ml.) of eight-week-old cultures with or 
without added carbon dioxide. At  high light intensity, cultures with or without 
added carbon dioxide became yellowish-brown in a few days and the experi- 
ment was discontinued in two weeks. At this time, however, dry weight 
yields from the carbon dioxide cultures (113 mgm. per 100 ml.) were already 
equivalent to those obtained in eight weeks a t  low light intensity and almost 
twice as high as those obtained from the controls (61 mgm. per 100 ml.). At 
both light intensities, the percentage dry weight contributed by the cellular 
residue was much greater in the carbon dioxide cultures (45-70%) than in the 
controls (10-30yo). 

Isolation of Polysaccharide Material 

In a typical experiment a culture of Anabaena cylindrica was made alkaline 
by addition of solid sodium hydroxide to a concentration of 4%. The mixture 
was boiled under reflux for six hours, filtered through sintered glass, acidified 
(pH 4) with hydrochloric acid, and dialyzed in cellophane bags against distilled 
water for three days. Tne non-dialyzable material was isolated by freeze 
drying. The cream-colored product (2.39 gm. from 16 liters of a seven-week-old 
culture) contained 10% ash, 0.27y0 nitrogen, and was illsoluble in water or 
strong alkali. Hydrolysis of a small amount (10 mgm.), by heating with 2.5y0 
sulphuric acid (5 ml.), and examination of the hpdrolyzate by paper strip 
chomatography (solvents (a), (b), and (c)) indicated the presence of rhamnose, 
xylose, arabinose, glucose, galactose, and an uronic acid. In a separate experi- 
ment a culture of A .  cylindrica was centrifuged to separate cells from medium. 
The polysaccharide materials, isolated from both the cells and the medium, 
were examined by hydrolysis and paper chromatography as just described. 
Both materials contained the same sugars in approximately the same propor- 
tions. Tlie same polysaccharide was found in cultures grown a t  low and high 
light intensities and with or without added carbon dioxide. 

Quantilative Estimation of Component Sugars 

Preliminary experiments using different acid strengths showed that the poly- 
saccharide was very resistant to  acid hydrolysis as indicated by changes in 
reducing power. A sample (50 mgm.) of the polysaccharide material was hydro- 
lyzed by heating a t  97°C. for 24 hr. with 2.5% ssulphuric acid (10 ml.). The 
hydrolyzate was neutralized with barium carbonate, filtered, and individual 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1002 CANADIAN JOURNAL OF CHEAIISTRY. VOL. 3? 

sugars in the filtrate were estimated by quantitative paper strip chromatography 
using solvent (a) and the phenol - sulphuric acid method of Dubois et al. (I).  
Uronic acid in the original polysaccharide was estimated by thermal decarboxy- 
lation (10). Calculated on a mole per cent basis the results showed the poly- 
saccharide to be composed of five parts glucose, four parts each of uronic acid 
and xylose, and one part each of galactose, rhan~nose, and arabinose. These 
figures are regarded as only approximate because the drastic conditions re- 
quired for hydrolysis would almost certainly lead to some destruction of the 
sugars, particularly the pentoses. 

Identijication of Component Sugars 

The hydrolyzate of 1 gm. of polysaccharide material was neutralized with 
Dowex-2 (carbonate form) and the filtrate evaporated to a syrup which was 
fractionated on a cellulose column (4) using butanol saturated with water as 

. the mobile phase. The eluate from the column was collected in 5 1111. portions 
by an automatic fraction collector which changed the receiver every half hour. 
Every fifth fraction was examined by paper strip chromatography (solvent 
(a)) and appropriate portions of the eluate were combined to yield pure samples 
ofLthe following sugars which were crystallized from methanol: 

m.p. 
L-Rhamnose 91- 92°C. [or]: + 8.58 (c, 1.4y0 in water) 
D-Xylose 144-145OC. [or]: + 18.2 (c, 0.8% in water) 
L-Arabinose 159-160°C. [or]: f101.0 (c, 1.4y0 in water) 
D-Glucose 145-146OC. [or]: + 50.1 (c, 0.7y0 in water) 
D-Galactose 170-171°C. [or]: + 78.4 (c, 1.27y0 in water) 

Examination of Uronic Acid 

No uronic acid could be recovered from the Dowex-2 used to neutralize the 
p o l y s ~ c l ~ a r i d e  hydrolyzate. The hydrochloric acid hydrolyzate of 250 ingm. 
of the poigsaccharide was neutralized with silver carbonate and excess silver 
ion was removed with hydrogen sulphide. The silver-free filtrate was evapor- 
ated to a syrup which was taken up in hot methanol and filtered. Paper strip 
chromatography of this solution (solvent (a)) showed the five sugars identified 
above and two other spots, one corresponding to glucuronic or galacturonic 
acid, the other corresponding to glucurone which is always associated with 
glucuronic acid (9). 

The methanolic solution of the hydrolyzate was neutralized with ethereal 
diazomethane and the neutral solution was evaporated to a thin syrup. After 
paper strip chro~natography of this syrup in solvent (a) for seven hours there 
was a spot having the same A, value as glucuronic acid nlethyl ester (RJ 
0.813) and situated between two spots given by galacturonic acid methyl ester 
(R, 0.723, 0.833). 

Attempted Fract,ionation from Czcpriethylenediamine 

The polysaccharide material (1.02 gm.) was dissolved in freshly filtered 1.0 hf 
cupriethylenediamil~e (100 ml.) and fractionally precipitated by stepwise 
acidification with concentrated hydrochloric acid. Fractions were obtained a t  
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pH values of 8.9 (0.241 gm.), 5.2 (0.012 gnl.), and 1.5 (0.480 gm.). A fourth 
fraction (0.140 gm.), soluble in the final acid solution, was isolated by alcohol 
precipitation after removal of inorganic ions by dialysis. By prolonged (48 hr.) 
shaking it was possible to obtain lyo solutions of the above fractions in 5% 
sodi~im hydroxide. Optical rotations of these solutions were the same, [a]: 
= -12.0&1°. Samples from each fraction were hydrolyzed by heating a t  
97°C. for 24 hr. with 2.5y0 s~ilphuric acid. Paper strip chromatogranls (solvent 
(a)) of the neutralized hydrolyzates were identical with those obtained from 
hydrolyzates of the original polysaccharide material. 

Acetylation and Attempted Fractionation 

The polysaccharide material (0.500 gm.) was added in small quantities, with 
stirring, to 10 ml. of formamide. The mixture was heated a t  65°C. for one hour, 
pyridine (10 ml.) was added, and the mixture kept a t  65°C. for a further 15 min. 
Acetic anhydride (3.2 ml.) was added in 1/4 portions to the cooled mixture 
which was then stirred a t  room temperature for 18 hr. The reaction mixture 
was poured with stirring into ice water (200 ml.) and the precipitate, removed 
by centrifuging, was washed three times with water before it  was dried in  
vacuo over phosphoric anhydride. After another acetylation by the same pro- 
cedure the acetate was obtained as a white powder (0.407 g~n. ) ,  insoluble in 
chloroform, acetone, or pyridine and only O.lyO soluble in dioxane. This solu- 
tion gave no optical rotation, undoubtedly because of the low concentration. 
The portions of the acetate soluble and insoluble in dioxane were separately 
deacetylated by 4% alcoholic sodium hydroxide, and hydrolyzed with 2.5% 
sulphuric acid. Paper strip chromatograms (solvent (a)) of the neutralized 
hydrolyzates were identical with those given by hydrolyzates of the original 
polysaccharide material. 

Graded Hydrolysis 

Samples (50 mgm.) of the polysaccharide inaterial were heated separately 
a t  97°C. with 5 ml. of each of the following acid solutions: 0.02 N oxalic, 0.02 N 
sulphuric, and 0.025 N sulphuric. At one hour intervals samples were removed 
for examination by paper strip chromatography. Neither 0.02 N oxalic or 
0.02 N sulphuric acid had any effect on the polysaccharide in seven hours. 
Three hours' heating with 0.025 N sulphuric acid released small amounts of all 
six component sugars. Complete hydrolysis of the polysaccharide, as deter- 
mined by reducing power, required more drastic hydrolytic conditions (2.5% 
sulphuric acid, 97°C. for 24 hr.). 
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REARRANGEMENT STUDIES WITH C1" 
11. T H E  PREPARATION O F  2-PHENYLETHYL HALIDES1 

ABSTRACT 

The 2-phenylethyl halides were prepared from the treatment of 2-phenyl- 
ethanol-1-C14 with thionyl chloride alone, thionyl chloride in pyridine, 48% 
hydrobromic acid, 55% hydroiodic acid, or phosphorus and iodine. Except for 
the reaction with thionyl chloride in pyridine, these reactions gave rise to some 
rearrangement of the C14 activity from the C-1 to the C-2 position. I t  appears 
probable that these rearrangements resulted fro111 reactions having the SN1 type 
of mechanism with the phenylethyl cation as  reaction intermediate. The fact that 
the thionyl chloride in pyridine treatment leads to  a product without rearrange- 
ment is of interest in that this method may have further applications in synthetic 
tracer chemistry. 

INTRODUCTION 

Among the inost cominon methods for the preparation of an alkyl halide 
is the replacement of the hydroxyl group of an  alcohol by a halogen through 
the reaction of the alcohol with a hydrohalic acid or a halide of sulphur or 
phosphorus. That  the mechanism of such a replacement reaction may be 
bimolecular involving Walden inversion (SN2) or uilimolecular with a carbon- 
ium ion as intermediate (SN1) has been pointed out by Hughes,. Ingold, and 
co-workers (1). If the SN1 mechanism were involved, typical carboniuin ion- 
type rearrangements (2b) would be observed if conditions were favorable for 
rearrangement. For example, extensive structural changes occurred when 
pinacolyl alcohol was treated with hydrochloric acid (15) while less pro- 
nounced rearrangements were observed when n-amyl alcohol or pentanol-2 
were heated with ZnClp and HC1 (13, 14). 

I t  has previously been pointed out that the use of C14 as a tracer makes 
possible studies of rearrangements otherwise unobservable (5). In an attempt 
to convert cyclopentanol-1-C'" to cyclopentyl bromide with phosphorus 
tribromide, Loftfield (6) found that 20% of the total radioactivity had be- 
come rearranged to positions other than C-1. He pointed out that this reaction 
likely involved a carbonium ion "sufficiently free" to  permit a "hydride 
ion" migration. On the other hand, Roberts et al. (10) observed no rearrange- 
ment of the C1%ctivity when 2-methyl-2-propanol-2-CM, 2-methyl-2-butanol- 
1-C14, and 2-methyl-2-butanol-2-C14 were converted to the corresponding 
chlorides by treatment with concentrated hydrochloric acid. In these cases, 
rearrangement of the C1* activity is unlikely because it would require the 
transformation of tertiary carbonium ions to the energetically 'less favorable 
secondary and/or primary carbonium ions. In the present paper, rearrange- 
ments observed in the preparation of 2-phenylethyl halides from the reaction 
between 2-phenylethanol-1-C'" and thionyl chloride, hydrobromic acid, 
hydroiodic acid, or phosphorus and iodine are reported. 

'd.ianuscript received M a y  27, 1954. 
Contribzction from the Department of Chemistry, University of Saskatchewan, Saskatoon, Sask. 
For Paper I ,  see Reference 5. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1006 CANADIAN JOURhrAL OF CHEMISTRY. VOL. 32 

RESULTS AND DISCUSSION 

The degrees of rearrangement in the various preparations of 2 - p h e 1 1 ~ I ~ t I ~ ~ l  
halides studied are summarized in Table I.  The labeled 2-phenylethanol was 
synthesized b~7 the lithium aluminum hydride reduction of phenylacetic 
acid carboxyl-CL4 (8) obtained from carbonation, with CL"O?, of the corres- 
ponding Grignard (5). That  all the radioactivity was in the C-1 position was 
shown by oxidation of the labeled alcohol to non-radioactive benzoic acid. 
All the samples of 2-pl~enylethyl halides obtained were treated with mag- 
nesium in dry ether and then reacted with dry ice to give crystalline hydro- 
cinnanlic acid for radioactivity determination. 

Subsequent oxidation of the hydrocinnarnic acid to benzoic acid and meas- 
urement of its activity gave the amount of rearrangement from the C-1 to 
the C-2 position. I t  may be noted that the direct oxidation of the 2-phenyl- 
ethyl halides to benzoic acid is also possible. Trials with inactive materials, 
however, showed tha t  the conditions required to effect such an oxidation are 
quite drastic, and the yields attainable are low compared to  that  obtained 
from the oxidation of hydrocinnamic acid. Consequently, only one active 
sample of 2-phenylethyl iodide was oxidized directly, and the degree of re- 
arrangement observed agreed very well with that found by the oxidation of 
hydrocinnamic acid derived from the same sample. 

Except for the reaction of 2-phenylethanol-1-C14 with thionyl chloride in 
pyridine, all reactions studied gave rise to some rearrangement of the C14 
activity from the C-1 to the C-2 position. Most probably, these rearrange- 
ments resulted from reactions having the SNl type of mechanism with the 
phenylethyl cation as reaction intermediate. The possible nature of the phenyl- 
ethyl cation and how it might cause the rearrangement of C1"rom C-1 to  C-2 
has previously been discussed (5, 11). I t  is noteworthy that  in the treatment 
of the labeled alcohol with thionyl chloride alone, the resulting 2-phenylethyl 
chloride has its C1d activity practically equally distributed in the C-1 and 
C-2 positions. Such a finding is as would be expected if the phenylethyl cation 
has the symmetrical "non-classical" structure I. 

CI- + 

When the reaction with thionyl chloride is carried out in pyridine, a pyri- 
diniu~n chloride complex, 11, (4) may be formed which, on decomposition, 
gives 2-phenylethyl-1-C14 chloride without rearrangement since, no carbonium 
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L E E  AND SPihTKS: R E A R R d N G E M E N T  STUDIES 1007 

ion intermediate is likely to be formed with the organic base, pyridine, as 
solvent. 

0 

The degree of rearrangement found in the 2-phenylethyl bromide or iodide 
prepared from the treatment of the labeled alcohol wit11 48% hydrobromic 
acid, 55% hydroiodic acid, or phosphorus and iodine ranged from 2.5 to 7.4%. 
(Table I). In these instances, only a fraction of the reaction praceeds through 
the unimolecular mechanism involving rearrangement of the intermediate 
phenylethyl cation. The major portion of the reaction follows a process or 
processes which lead to no rearrangement. Such a procrss may be of the SN2 
type, or it may involve the rapid interaction between the unrearranged 
phenylethyl cation and the conjugate base of the reaction medium as pre- 
viously suggested (5, 11). 

I t  is of interest to note that the reaction of 2-phenylethanol-1-C14 with 
hydrobromic acid resulted in a greater degree of rearrangement than the 
corresponding reaction of the labeled alcohol with hydroiodic acid. Apparently 
the protonating power of 48% hydrobromic acid, as measured by Hammett's 
acidity function, H O  (2a) ,  is greater than that of 55% hydroiodic acid. That  
such a deduction is a reasonable one is further supported by the fact that the 
electron affinity of bromine is greater than that of iodine (9). 

*Complex R O P X l  has been suggested by Kenyon and co-workers ( 4 )  as intermediate i n  the 
reaction between ROH and PXs .  No attenzpt was made i n  Ihe present stzrdy to drjinilely establish 
the structure of complex C&CH?CHZOPX4. Another possible intertilediate nzay be C6H5CI$?CH2 
OPX2. 
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In view of the finding tha t  the reagents frequently employed for the pre- 
paration of alkyl halides may give rise to rearranged products, it is of ~ l tmos t  
importance that  in the syntheses of Ci4-labeled compounds, whenever the use 
of alkyl halides is involved, the positions of the labeled atoms in the final 
products be ~~nequivocally established. In order to obtain a cyclopentyl-l-Cl4 
halide for further synthetic applications, Loftfield (6) prepared the p-bromo- 
benzenesulphonate of cyclopentanol-I-CI4 and then treated this sulphonate 
with sodi~lm iodide in acetone, a typical SN2 reaction, to give the iodide 
without rearrangement. The observation tha t  the replacement of a hydroxyl 
group with chlorine effected by thionyl chloride in pyridine eliminated the 
possibility of rearrangement (14) is here extended and shown to be applicable 
for CI4-labeled 2-phenylethanol. I t  is our belief that  the thionyl chloride in 
pyridine method is much less time consuming and likely to give higher 
over-all yields than the sulphonate - sodium iodide in acetone method for the 
preparation of unrearranged alkyl halides, though both of these methods 
will most likely find further applications in the syntheses of Ci4-labeled 
compounds. 

TABLE I 
REARRANGEMENTS I N  2-PHENYLETHYL HALIDES FROM ~-PHENYLETHANOL-~-C'~ 

Specific activity, 
counts/min./mM. % rearrangement 

Reagents Compolind countedt 
used Run I Run I1 Run I Run I1 

Phenylurethau of 2-phenyl- 
ethanol-1-CN 

Benzoic acid$ 

SOCI? Hydrocinnamic acid 
alone Bellzoic acid 

SOCl? in Hydrocinnamic acid 
pyriditle Benzoic acid 

48% HBr Hydrocinnamic acid 
Benzoic acid 

55% HI Hydrocinnamic acid 
Benzoic acid 
Benzoic acids 

P+I2 Hydrocinnamic acid 
Benzoic acid 

t A s  "infinitely thick" sa l~~ples  of constant geometry i n  a windowless Q-gas counter. 
$Front oxidation of 2-phenylethnnol-1-CN. 
§From direct oxidation of active 2-phenylethyl iodide. 

EXPERIMENTAL 

Reaction w i f h  Thionyl Chloride 
In a 100 ml. round-bottomed flask, cooled in an ice bath and fitted with a 

reflux condenser, was placed 5.00 gm. of 2-phenylethanol-I-Ci4. Fifteen 
milliliters of thionyl chloride was added slowly. The m i x t ~ ~ r e  was removed 
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LEE A N D  SPZNKS: REARRANGEMENT STUDIES 1009 

from the ice bath and refluxed gently for one half hour. The excess thionyl 
chloride was distilled off and the residue fractionated under reduced pressure. 
The yields of 2-phenylethyl chloride, b.p. 85-87°C. a t  17 mrn. (lit.(16) b.p. 
81-84°C. a t  14 mm.), for the duplicate runs were 4.64 and 4.40 gm. (81 and 
77%, respectively). 

Reaction with Th iony l  Chloride in Pyr id ine  

TO a solution of 5.00 gm. of 2-phenylethanol-1-CM in 20 1111. of pyridine in a 
250 rnl. Erlenmeyer flask cooled in an ice-bath was added portionwise 10 rnl. 
of thionyl chloride. When the mixture was shaken and then heated on a steam 
bath for about five minutes (prolonged heating will cause extensive decomposi- 
tion) a black solution resulted. The mixture was then allowed to stand a t  
room temperature for one half hour before it was poured into ice water. The 
product was extracted with ether, the extract being washed successively with 
distilled water, dilute hydrochloric acid, 10% sodium bicarbonate solution, 
and distilled water. After the extract was dried over anhydrous sodium sul- 
phate, the ether was removed from the extract and the residue distilled under 
reduced pressure. The yields of 2-phenylethyl chloride for the duplicate runs 
were 3.72 and 3.86 gm. (65 and 67y0, respectively). 

Reaction with Hydrobromic Acid 
A mixture of 5.00 gm. of 2-phenylethanol-1-C14 and 28 gm. of 48y0 hydro- 

bromic acid was heated under reflux, with occasional shaking, for two hours. 
After the resulting mixture was cooled to room temperature, it was poured 
into ice water and extracted with ether. The  extract was washed with water 
and 10% sodium bicarbonate solution and dried over anhydrous sodium 
sulphate. The ether was evaporated off and the residue distilled under re- 
duced pressure. The  yields of 2-phenylethyl bromide, b.p. 110-113°C. a t  
17 mm. (lit.(7) b.p. 108-112°C. a t  17 mm.), for the duplicate runs were 6.30 
and 6.05 gm. (83 and 80y0, respectively). 

Reaction w i t h  Hydroiodic Acid 
2-Phenylethanol-1-C14 (5.00 gm.) and 55% hhydroiodic acid (38 gm.) were 

refluxed for two hours. The  resulting mixture was worked up as  described 
in the reaction with hydrobromic acid. The yield of 2-phenylethyl iodide, 
b.p. 115-118°C. a t  14 mm. (lit.(12) b.p. 114-116°C. a t  12 mm.), was 8.75 gm. 
(%!yo). In a duplicate preparation using 4.00 gm. of the labeled alcohol, the 
yield of the iodide was 6.88 grn. (goy0). 

Reaction w i t h  Phosphorus and Iodine 
T o  a mixture of 4.00 gm. of 2-phenylethanol-1-C" and 0.35 gnl. of red 

phosphorus in a 100 ml. round-bottomed flask fitted with a reflux condenser was 
added 4.40 gm. of iodine in small portions with shaking a t  room temperature. 
A slight warming up of the reaction mixture resulted. After the addition of 
iodine had been completed, the mixture was heated over a stearn bath for one 
hour. After the mixture was cooled, ether wasiiltroduced to  dissolve the product. 
The ether solution was filtered through glass wool, washed with dilute sodium 
hydroxide solution and distilled water, dried over anhydrous sodium sul- 
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phate, and evaporated over a steam bath to give a residue which on frac- 
tionation ~inder reduced pressure gave 2-phenylethyl iodide, b.p. 115-118"~. 
a t  14 mm. The yields for duplicate runs were 6.14 and 6.46 gm. (81 and 85%, 
respectively). 

Hydrocinnamic Acid from 2-Phenylethyl Halides 

The phenylethylmagnesium halide was prepared in the conventional way 
and treated with excess solid carbon dioxide. The resulting reaction mixture 
was acidified and extracted with ether. After the solvent was evaporated off 
from the ethereal extract, the residue was taken up in dilute soclium hydroxide 
solution and washed with ether to remove any unreacted organic halide. 
The product was then precipitated by acidifying the washed sodium hydroxide 
solution and again recovered by extraction with ether. After the extract was 
dried over anhydrous sodium sulphate, the ether was removed from this final 
extract and the residue was crystallized from petroleum ether (b.p. 40-60°C.). 
Colorless needles of hydrocinnamic acid were obtained which melted alone, 
or on admixture with an authentic sample, a t  48-4g°C. (lit.(3) m.p. 48.G°C.). 
The yields based on the various samples of 2-phenylethyl halides used ranged 
from 70 to 80%. 

0-cidation fo Benzoic Acid 

2-Phenylethanol-1-C14 or hydrocinnamic acid was oxidi~ed to benzoic acid 
with potassium perrnanganate in sodium hydroxide solution according to a 
method previously described (5). The yielcls obtained generally exceeded 
80%- 

The oxidation of 2-phenylethyl iodide to benzoic acid was effected as  
follows. Three grams of 2-phenylethyl iodide was heated under reflux ~intil  
it was nearly boiling. A saturated aqueous solution of potassium perrnanganate 
was added gradually whereby a very vigorous reaction took place. After a 
total of about 10 gm. of potassium perrnanganate, as a saturated solution, 
was added, the reaction mixture was allowed to reflux for one half hour. 
The  product was worked up as previously described (5). I t  was further purified 
by dissolution in sodium hydroxide and washed with ether as indicated in 
the preparation of hydrocinnarnic acid. The  final yield of benzoic acid, crys- 
tallized from water, was 0.51 gm. (34%). 
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AMINO ACIDS 
I. PREPARATION AND PROPERTIES OF GLYCOCYAMIDINEL 

ABSTRACT 

Attempts to  prepare glycocyamidine by the cyclizatior~ of ethyl gua~lidoacetate 
in aqueous solutions gave mixtures of guanidoacetic acid and glycocyamidine. 
The properties of a sample of pure glycocyamidine, which was obtained from the 
reaction of guanidine with ethyl glycinate, are described. 

Glycocyamidine hydrochloride ( 5 )  and glycocyamidine sulphate (1) have 
been prepared in good yields by heating guanidoacetic acid in concentrated 
hydrochloric acid solution and in normal sulphuric acid solution respectively. 
However no good methods are available for the preparation of the free base 
glycocyarnidine. Several methods of preparing free glycocyamidiile were 
investigated and the authors found that glycocyamidine could be obtained 
free from guanidoacetic acid only when the glycocyamidine was prepared 
under anhydrous conditions. 

Glycocyamidine was obtained in 39% yield by treatment of guanidine with 
ethyl glycinate in absolute alcohol. The other product of this reaction was 
an oil which gave a picrate melting a t  336.5"C. with decomposition. This oil 
appeared to be a polymer and it has not been further identified. The glyco- 
cyamidine prepared in this manner was shown to be free from guanidoacetic 
acid by paper chromatography. A sample of this glycocyamidine in a nitration 
medium of nitric acid - acetic anhydride gave glycocyamidine nitrate. 

An attempt to prepare glycocyamidine by heating a mixture of guanidine 
carbonate and glycine gave guanidoacetic acid in agreement with the observa- 
tions of Nencki and Sieber (7). Finally several experiments designed to prepare 
glycocyamidine (11) by the removal of acid from ethyl guanidoacetate salts 
(I) in aqueous solutions always gave a mixture of guanidoacetic acid (glyco- 

cyamine) and glycocyamidine. Hydrochloric acid was removed from an 
aqueous solution of ethyl guanidoacetate hydrochloride by passage of this 
solution through a bed of IRA-400 resin. On concentration of the aqueous 
eluate first guanidoacetic acid and then a mixture of guanidoacetic acid and 
glycocyamidine were obtained. These two crops of crystals were examined by 

=Manuscript received August 6, 1954. 
Contribution from Defence Research Chetnical Laboratories, Otlawa, Onlario. Issued as D.R.C.L. 

Report No. 157. 
zMonsanto Canada Ltd., Ville La  Salle, Quebec. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



paper chromatography. A similar result was obtained when an aqueous 
solution of the picrate of ethyl guanidoacetate was passed through a column 
of IRA-400 resin. 

Ethyl Glycinate 

Ethyl glycinate (b.p.18 59.5-61") was prepared in 96.1% yield by the 
method of Viscontini (9). 

Glycocyamidine 

Guanidine carbonate (10 gm.) was converted into free guanidine by the 
method of Morrell and Bellars (6). This guanidine solution was evaporated 
a t  20-25" in vacuo (15 mm.) to remove the water. The residual oil was clissolved 
in 50 cc. of absolute ethanol and the remaining insoluble guanidine carbonate 
removed by filtration. The filtrate was made LIP to 100 cc. in a voluinetric 
flask and a 2 cc. aliquot was used for guanicline estimation by precipitation 
as guanidine picrate. This procedure gave ethanolic solutions containing 
4.07-4.42 gm. (62.7-68%) of free guanidine. 

When an ethanolic solution of free guanicline was added to an ethanolic 
solution of ethyl glycinate accorcling to the proceclure of Traube and Asher 
(8), a 24-29% yield of glycocyamidine was obtained. The remaining product 
was an oil which gave a picrate melting a t  336.5OC. Anal. Calc. for (C1DH13 
NloOll),: C, 30.45; H ,  2.74; N, 29.58. Founcl: C, 30.24; H, 2.84; N, 29.68. 

The yield of glycocyamidine was increased slightly by the followink modifi- 
cation in procedure. Absolute ethanol (50 cc.) was placed in a 500 cc. RB-5- 
necked flask fitted with two acldition funnels, a stirrer, a condenser, and a 
nitrogen lead-in. An ethanolic solution of guanidine (4.0 gm., 0.068 rnole of 
guanidine in 98 cc. of absolute ethanol) and a solution of ethyl glycinate 
(7.5 gm., 0.072 mole of ethyl glycinate in 100 cc. of absolute ethanol) were 
added simultaneously over a period of one hour to the refluxing ethanol. 
This reaction was carried out under an atmosphere of nitrogen. After removal 
of the ethanol a t  reduced pressure, a semisolid remained, yield 8.73 gm. This 
material was triturated with 10 cc. of ethanol and then it was filtered. The 
insoluble material did not melt up to 300" and it gave a picrate melting a t  
208-209°C. Two crystallizations from water raised the melting point to 
214-215°C. This picrate was identified as glycocyamidine picrate by mixed 
melting point determination with an authentic sample. The yield of glyco- 
cyamidine was 2.35 gm. (35%). The ethanol filtrate from the glycocyamidine 
on removal of the ethanol by evaporation gave 5.98 gm. of viscous oil. This 
oil gave the picrate described above as melting at 336.5OC. 

Guanidoacetic Acid 

Met hod A 
A mixture of 25 gm. (0.277 mole) of guanidine carbonate, 20.6 gm. (0.275 

mole) of glycine, and 1 gm. of ammonium chloride were mixed in a porcelain 

3Al l  melling points are uncorrected. Tile rnicroanalyses were carried out by Micro-Tech Labora- 
tories, Skokie, Ill. . 
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evaporating dish. This mixture was heatecl a t  100-160°C. with stirring for 
one hour and 40 min. During this time there was a strong evolution of anlnlonia. 
The cooled solid was triturated with water (127 cc.) and filtered to give 15.8 
gin. (55.5y0) of insoluble material which did not melt up to 300°C. This 
inaterial was crystallized twice from water (23 cc./gm.) for analysis. Calc. 
for C3HiN302: C, 30.79; H ,  5.99; N, 35.90. Found: C, 31.15; H ,  5.80; r\T, 
35.80. 

An aliquot (27 cc.) of the original filtrate was treated with a saturated 
aqueous picric acid solution. This gave 1.5 gm. of a picrate (m.p. > 350°C.) 
which was identified as guanidine picrate by analysis. Thus 8.8y0 of the 
original guanidine carbonate remained unchanged. There was no evidence of 
the presence of glycocyamidine in the filtrate from the guanidoacetic acid. 
Calc. for C7H8N607: C, 29.18; H,  2.77; N, 29.18. Found: C, 29.58; H ,  2.78; 
N, 29.62. 

Method B 
Guanidoacetic acid was prepared also from glycine and methyl isothiourea 

sulphate in 81y0 yield by the method of Brand and Brand (3). 

Ethyl Guanidoacetate Hydrochloride 
Guanidoacetic acid (36.0 gm., 0.308 mole) was dissolved in 200 cc. of 

absolute ethanol containing 34 gm. (0.924 mole) of anhydrous hydrogen 
chloride by refluxing for two hours. Then 100 cc. of the ethanol was removed 
by distillation and 210 cc. of benzene was added. This solution was distilled 
using a 12 in. Vigreux column to remove the benzene-ethanol-water and 
benzene -ethanol azeotropes. Finally the remaining ethanol solution was 
concentrated in vacuo to remove the last traces of ethanol. A heavy viscous 
sirup was obtained, yield 55.4 gm. (99.3y0). A small sample of this product 
was converted to the picrate in the usual manner. I t  melted a t  189.5-190.5°C., 
yield 85y0. Anal. Calc. for C I ~ H M N ~ O ~ :  C, 35.30; H ,  3.77; N, 22.45. Foiind: 
C, 35.30; H ,  3.97; N, 22.27. 

Preparation of Glycocyamidine from Ethyl Guanidoacetate 
Method A 
A 7% aqueous solution of ethyl guanidoacetate hydrochloride (71.8 gm., 

0.395 mole) was passed through a bed of IRA-400 resin (885 ml. of IRA-400 
resin with a cross sectional area of 28.5 ~ m . ~ )  a t  a rate of 25 cc. per minute. 
Then the column was washed. The total volume of effluent and washings was 
16 liters. After removal of the water under vacuum, a total of 35.3 gm. of solid 
was obtained. The first crop (17.6 gm.) was shown by paper chromatography 
to be pure guanidoacetic acid while the'second crop (17.7 gm.) was found to 
consist of a mixture of glycocyamidine and guanidoacetic acid. A sample of 
the second crop was converted to a picrate in the usual manner, yield 79.3%. 
Two crystallizations from water raised the melting point to 214.5-215.5"C. 
Anal. Calc. for CgH7NG08: C, 32.93; H, 2.45; N, 25.62. Found: C, 32.94; 
H,  2.81; N, 25.25. 
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Method B 

Ethyl guanidoacetate picrate (6.80 gm., 0.018 mole) was dissolved in 2500 
cc. of cold water and then passed through a 50 cc. bed of IRA-400 resin (cross 
sectional area, 2.27 cm.?). The resin colun~n was then washed with a further 
1000 cc. of water. The effluent and washings were combined and concentrated 
to a volun~e of 25 cc. i n  vacuo. This solution was then poured into 10 volumes 
of acetone and the precipitate removed by filtration, yield 1.01 gm. (55.5%). 
This product was identified as glycocyamidine by a coinparison of its infrared 
spectrum with that of an authentic sample of glycocyamicline. On treatment 
with a saturated aqueous solution of picric acid, it gave glycocyamidine 
picrate (111.p. 213-215°C.). Found: C,  32.78; M, 2.66; N,  25.72%. 

Glycocyamidine Nibate  

The nitrating medium was prepared by adding 8.4 cc. (0.2 mole) of absolute 
nitric acid (sp. gr. 1.5) to 20 cc. of acetic anhyclride in the cold (0°C.). To this 
solution, 2 gm. (0.02 mole) of glycocyamidine was added and the mixture 
held a t  0-12°C. for one hour and 30 min. This mixture was poured onto 200 
gm. of crushed ice and the aqueous solutio11, after the ice had melted, was 
extracted with ether (2 X 100 cc.). The aqueous fraction was evaporated 
in vacuo and the residue treated with 25 cc. of absolute alcohol. Then the 
alcohol was removed in vacuo and the residue again treated with 25 cc. of 
absolute alcohol. After the alcohol was removed once more in vacuo, a white 
solid (m.p. 133°C. dec.) was obtained, yield 0.785 gm. (24%). Two crystalliza- 
tions from absolute ethanol (25.5 c ~ . / ~ r n . )  raised the melting point to a 
constant value of 145°C. with dec., yield 0.52 gm. Anal. Calc. for C3HGN404: 
C, 22.22; H, 3.70; N, 34.56%. Found: C, 22.33; H,  3.69; N,  34.55%. 

This compound gave a positive test for the nitrate ion with Nitron 
reagent (4). 

Paper Clzromatogra~lzy 

In all cases 0.013 cc. of the 2% solutions were spotted at the zero point 
on No. 4 Watmann Chromatography paper. The chromatogram was developed 
with the upper layer of a mixture of 250 cc. of n-butanol, 250 rc. of water, and 
60 cc. of glacial acetic acid and the chromatogram was sprayed with the 
Sakaguchi reagents as outlined by Block, LeStrange, and Zweig (2). In Fig. 
I ,  columns I and I1 represent chromatograms of pure guanidoacetic acid and 
glycocyaniidine respectively. Columns I11 and IV are chromatograms of 
samples from the first and second crops obtained from the eluate from passing 
ethyl guanidoacetate hydrochloride through a bed of IRA-400 resin. The 
first crop appears as pure guanidoacetic acid while the second crop is shown 
to be a mixture of glycocyamidine and guanidoacetic acid. Finally Column V 
is a chromatogram of the solid obtained from the eluate from the passage of 
ethyl guanidoacetate picrate through a bed of IRA-400 resin. The Rf values 
for pure guanidoacetic acid and glycocyamidine were 0.31 and 0.45 respectively 
when the above solvent mixture was used. 
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FIG. 1. Chromatograms. 
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DETERMINATION O F  T H E  ABSOLUTE FISSION YIELD O F  Ba140 
I N  THERMAL NEUTRON FISSION O F  U235 

ABSTRACT 

The  absolute fission yield of  Ba140 in the thermal neutron fission of  UU5 has 
been determined to  be (6.32 f 0.24)%. The  reaction BIO(n, a)Li7 was used as a 
neutron monitor and the BIO/B" ratio determined mass spectrometrically before 
and after neutron bombardment. T h e  Balm disintegration rate was determined 
using 4~ counting techniques. The  half-life o f  La140 has been found to  be 
40.31 f 0.06 hr. 

INTRODUCTION 

Absolute fission yields were first determined by Anderson et al. (2). Uranj.1 
sulphate and later manganese sulphate were irradiated in the same position 
in a neutron beam obtained from a cyclotron. The nuclear reaction 
MnSS(n, y)l\lnS6' was used as a monitor of the neutron flux. The Ba140 was 

separated radiochemically. The value obtained for the fission yield of Ba140 
was 8.4y0. 

Accurate values of the fission and capture cross sections of uranium and 
manganese respectively and good absolute disintegration rate determination 
techniques are necessary for this method to yield accurate results. Since no 
indication is given by Anderson et al. of the cross-section values rised, their result 
cannot be recalculated in terms of more recent values for those constants. 

T o  avoid the difficulties due to reproducibility of neutron flux caused by 
positioning and variations due to the fact that the neutron monitor was 
irradiated a t  a time different from the sample itself, Grummitt et al. (18) 

irradiated natural uranium and used the reaction UZS8(n, y ) ~ 2 3 9 &  as an  
internal monitor. 
Then 

Nu239/NB240 = uc/u /. Y, 

where Nuz9 and NB,'40 are the 'steady state' activities of U239 and Ba140, U, 

and U, are the capture and fission cross sections of natural uranium respectively 
and Yf is the fission yield. Again accurate cross-section data and accurate 
absolute disintegration rate determination methods are essential. The value 
obtained was 5.6Y0. 

Using more recent values for the capture cross section of U'3S (uc=2.80 
x lo-" c n ~ . ~  for 2200 meters/sec. neutrons (9)) and for the thermal neutron 
fission cross section of natural uranium due to U235 (uf = 3.95 X cm.2 
(3, 9)), this result for the absolute fission yield of Ba140 becomes 6.0%. 

'Manuscript received July 21, 1954. 
Contribution fronz Atomic Energy of Canada Linzited, Chalk River, Ontario. Isszced as 

A.E.C.L. No. 155. 
2Prcsent address: Departnzent of Chemistry, McGill University, Ilfontreal, Qzre. 
3Prcsent address: Hanzilton College, McIlfaster University, Hamilton, Ont. 
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Absolute fission yield experiments are described by Freedman and Steinberg 
(16) in a paper summarizing work done by themselves and colleagues in the 
Manhattan Project. The technique used was to irradiate simultaneously in  
the same neutron flux a thick and a thin piece of uranium. Fissions from the 
thin sample were counted in a pulse ionization chamber. Radiochemical 
analyses were performed on the thick piece. 

Using the above method, Engelkemeir et al. (13) obtained a value of 5.8% 
for the fission yield of Bal". They used a value of 12.5 days for the half-life 
rather than the presently accepted value of 12.8 days (12). Use of the latter 
value would give a slightly higher yield. Freedman and Engellteineir (15) 
using the same equipment, but  improved techniques, obtained a valueof 
6.15 f 0.13y0 for the absolute fission yield of Ba140. 

The chief error in this experiment lies in the determination of the absolute 
disintegration rate of Balm. Using the best available absorption and scattering 
data for Bal4OO, Steinberg (23) corrected the results of Freedman and Engel- 
kemeir yielding a value of 6.17. In a private con~n~unication Steinberg (22) 
has given us a reassessed value of 6.32 f 0.6 as the best value for this 
experiment. 

In the above experiment several sources of error are possible. First, in the 
fission counter, where the "geometry" is assumed to be 50%, corrections have 
to be made for coincidences, pulse height selection, and fission background 
of the chamber. These corrections can be made to f 2y0 according to Steinberg. 
Secondly, one assumes that the fission rate per U atoll1 in the thick and thin 
samples is identical. Thirdly, the following corrections have to be made to 
the experimentally determined counting rate of Ba140 to transform it into 
an  absolute disintegration rate. 

( a )  Self-scattering and self-absorption. 
(b) Back-scattering. 
(c) Absorption in counter window of Geiger counter and air gap between 

the sample and counter window. 
(d) Geometrical efficiency of the counter. 
All of these corrections, some of which are not negligible, have caused 

Steinberg to put an error of f lOyo  on the absolute measurement of Ba140. 
We have measured the absolute fission yield of Balm. Instead of the fission 

chamber arrangement we have used the change in the ratio of BIO/B" before 
and after irradiation as a neutron flux monitor. One eventually has to turn 
to a fission chamber determination to obtain a value for the fission cross- 
section a/. However, >his can be done very accurately in an experiment 
designed specifically to obtain this result. 

B17 the use of a 4~ type of counter (7 ,  19) we have avoided the necessity of 
using the correction factors previously described; thus there resulted better 
accuracy in the determination of the Ba140 disintegration rate. 

EXPERIMENTAL 

(i) Irradiation 
A purified sample of boron trifluoride was divided illto two parts, each 
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Y A F P E  ET AL.: ABSOLLITE FISSION Y I E L D  OF Bal+" 1019 

sealed into a quartz tube at a pressure of about 30 cm. of mercury. One was 
irradiated with the uranium metal, the other was kept for later reference. 

The accurately weighed sample of uranium metal (about 600 mgm.) was 
placed in a 'self-serve' irradiation container along with the sample of boron 
trifluoride. The irradiation container was evacuated and the container sealed 
in vacuo using the cold welding technique (I) .  The uranium metal, after 
irradiation, showed no signs of oxidation testifying to  the efficacy of the cold- 
weld sealing technique. The sample showed a loss of weight of only 0.0006 gm. 
after the irradiation period of 36 days in the NKX reactor. 
(ii) Mass Spectrometry 

A conventional 180" direction focusing mass spectrometer with vibrating 
reed d-c. amplifier and speedomax recorder was used to compare the isotopic 
ratios of the irradiated and unirradiated part of the boron trifluoride sample. 

The ratio of .BIO/Bn before irradiation to that after irradiation for the 
sample in question was found to be 1.029 f 0.001. An accuracy of O.lyo is 
about the best obtainable a t  the present time when single ion collection methods 
are used, particularly where fluorides are involved. However, the samples 
have been retained and isotopic ratios can be redetermined later using the 
simultaneous collection system of ion measurement. A simultaneous collection 
instrument used for the rapid comparison of isotopic ratios is no\v being 
adapted for use with boron. 
(iii) Chemical Separation 

The uranium metal was dissolved in nitric acid to which 50 rngm. barium 
nitrate carrier had been added. Barium was separated from the mixture 
using a method previously described (17). I t  consisted of chloride, chromate, 
and nitrate separations with the addition of appropriate holdback carriers. 
The final barium nitrate precipitate was dissolved in water and made up to a 
constant volume. From this, small aliquots were taken with calibrated micro- 
pipettes for measurement purposes. The chemical yield, determined gravi- 
metrically by the precipitation of barium as barium sulphate from the 
remainder of the solution, was 72.9%. . . 

(iv) Counting 
The disintegration rate of Ba'40+La140 was determined using the 47r counting 

technique (19). Counting samples were prepared by the evaporation, under 
an infrared lamp, of known aliquots of the barium nitrate solution on a thin 
(100 ~ g m . / c m . ~ )  polystyrene film which had a conducting film of gold 
(25 /~grn./crn.~) on each side. Self-absorption in the source material (i.e. 
barium nitrate) was largely eliminated by the technique of successive dilutions 
and by taking care to spread the material as uniformly as possible. The small 
self-absorption loss due to the finite size of the crystals ,constituting the 
source cannot be eliminated in this manner but is considered negligible in 
this case (i.e. < 1%). 

Corrections were made for absorption of beta particles in the thin plastic 
film and for coincidence losses in the counting apparatus. The total correction 
req~lired for the above losses was usually less than two per cent. 
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Corrections were also nlade to the counting data for growth and decay in 
the Ba1.i0-La140 system during the time interval between the last separation 
of Balm from its daughter Lal10 and the time of counting. This correction is 
discussed in detail in the following section. 

(v) Growth and Decay Correction 

If one assumecl a steady build-up of Ba"O the saturation factor for the 
irradiation period used would have been 85.8%. One must, however, take into 
account neutron flux variations which occurred during the course of the 
irradiation. Conditions during this experiment were such that one could, 
with a maxinlunl error of f 0.5%, assume that the reactor power was pro- 
portional to the neutron flux. An analogue computer, designed by Bayly (5) ,  
was used to establish the "effective" saturation factor as (58.0 f 0.3)%. 
The samples were of such a size that no correction for perturbation of the 
neutron beam had to  be made (21). 

The half-life of La1" is given by Weimer et al. (25) as 40.0 f 0.3 hr. over 
11 half-lives from neutron bombardment of spec-pure lanthanunl oxide. 
Bothe (8) observed a period of 39.5 f 0.5 hr. with thermal neutrons on Lal39. 
Cork et al. (10) followed the decay of La140 prepared by (n, y) reaction of pile 
neutroils on specially purified La139 through eight half-lives to get a half-life 
of 41.4 hr. Ballou et al. (4) irradiated two samples of lanthanum nitrate with 
neutrons from cyclotron deuterons on beryllium. The first sample gave 39.5 
hr. over 8 half-lives, and the secoild 40.3 hr. over about 13 half-lives for an 
average of 40.0 f 0.5 hr. Bishop et al. (6) observed a half-life of 40.0 f 0.1 hr. 
Using the 4 a  counter, we have followed the decay of a sample of LaLd0 pro- 
duced by thermal neutron bombardment of spectroscopically pure LazOy 
for 14 half-lives. A least squares analysis of the counting data gave the half- 
life of La140 as 40.31 f 0.06 hr. This is in excellent agreement with the value 
of 40.3 hr. obtained by Ballou over a corresponding interval. 

Cork et al. (11) report a half-life of 13.4 days for Bal". Engelkemeir et al. 
(12) have followed the decay of Ba140 for periods up to about 12 half-lives 
and obtained a value of 12.8 days. We have used 12.8 days as  the half-life for 
Ball0 in all our calculations. This value has been found to give a good fit to 
our experimental data followed over periods of up to five half-lives of Bal"O. 

The total disintegration rate of the separated Bal" was found to be 5.395 
f0.067 X 108 dis./sec. corrected to the end of the irradiation. From this must 
be subtracted a fast fission contribution (21) of (0.8':::)%. The loss of 
Ba140 by recoil of the fission fragments from the unwrapped uraniunl is esti- 
mated to be (0.32::4%. The other experimental values pertinent to a calcula- 
tion of a value for the fission yield of BaI4O are tabulated below: 

Weight of uranium metal = 646.5 mgm. 
Effective saturation factor = (58.0 f 0.3)%. 
Chemical yield (barium separation) = (72.9 & 0.4)%',. 
Ratio of BIO/Bll before irradiation 

to BlO/Bll after irradiation = 1.029 f 0.001. 
Actual running time of reactor (t) = 2.429 X lo6 sec. 
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YAFFE E T  AL.: ABSOLUTE F1.TSIOM YIELD OF Ral:O 1021 

The effective flux of thermal neutrons may be calculatecl froin the experi- 
mental data  as follows: 
(11 dN/dt = - N ( p ~ ) ~ , , u ~  
or, 
PI N = No exp[ - ( ~ v ) ~ h u ~ t l .  

N = number of RIO atoms present a t  any time t, 
(pv),, = effective thermal neutron flux, 

an = thermal neutron capture cross section of BIO, 
No  = number of BIO atoms present when t = 0. 

The thermal neutron absorption cross section of BIO is usually attributed 
to the reaction BI0(n, a)Li7. Since we have ~ised the change in the ratio of 
BIO/B1l as a ineasurc of the integrated thermal neutron flux any reaction 
other than the (n, a )  reaction which affects this ratio may constitute a source 
of error. The reaction Bl1(n, y)B12 will not affect the results since the B" 
capture cross section is lrnown to be small relative to  that  of BIO (1: lo5). 
On the other hand, no experii~lental evidence exists as to the cross section for 
the reaction Blo(n, y)BH. 

For the conditions of this experiment calculations show that  a cross section 
for this reaction of approximately 80 barns would result in an error equal to 
the limit of the error in the mass spectrometer analysis. A cross section of 
approxiinately 20 barns would be completely negligible insofar as this experi- 
ment is concerned. We have assumed, therefore, that  the cross section for 
the reaction BIO(n, y)B1I does not exceed 20 barns so that the change in the 
ratio of B1O/Bl1 as  measured mass spectrometrically gives the change in the 
number of BI0 atoms as a result of the irradiation and the error given for the 
mass spectrometric analysis represents the analytical error. 
Thus, 

or, 
exp[(p~)~~uBt]  = 1.029 

whence 
(pv) thuBt = 0.0286 

and 
[3al = 0.0286/u~t. 

The  rate of depletion of U235 may be expressecl by  

141 dU/dt = - U(Pv)t,~,, 
or, 
[4al U = UOexp[ - (PV) thuabst] 
where U = number of U?35 atoms present a t  time t, 

Uo = number of U235 atoms when t = 0, 
(Pv)th = effective thermal neutron flux, 

gab, = thermal neutron absorption cross section of U235. 

In terms of the U235 present initially, the fission rate is therefore 

15] [dU/d t ]C ,~~~  = - { U~exp[ - (FV) t,l"8bstl) (pv)thuf 
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= - [ U o ( ~ ~ ) t h ~ f l   ex^[- (~~)thaabst] 
where a, = thermal neutron cross section for fission of V 3 5 .  

We may then write for the net rate of formation of BaL40 a t  any tinze t 
during the irradiation, 
[GI dX/dt = - Yf[d U/dt],,,,,,- XX 
where 

X = number of atoms of Ba140 a t  any time t, 
Y, = thermal neutron fission yield for Ba140, 

= disintegration constant for Ba140. 

From equations [5] and [6] we have 

Integrating and multiplying through by A ,  equation [7] becomes 

"'uO(pv) thujl (exp[ - (pv) ,,u,t] - exp ( - ht)  1. XX = - 
- (PV) t h ~ a b 8  

Substituting for (pv),, from equation [3a] we may write for the disintegration 
rate of Ba14Q 

Investigations into the natural abundance of the boron isotopes have been 
carried out by Inghram (20) who obtained a Bn/BIO ratio of 4.31 (i.e. 18.83% 
Bl0). Thode et al. (24) showed that a variation of about four per cent occurred 
in the natural abundance depending on the geographical location from which 
the boron had been obtained. However the actual boron samples used gave 
an abundance ratio identical with that  found by Inghram for American 
borax. 

Thus, 
u,i,,/aB = 0.90 X 0.1883 = 0.169 

where 0.90 has been taken as the value for the ratio of the absorption cross 
section of U235 (aabs) to the capture cross section of natural boron, under the 
conditions of the experiment (i.e. a Maxwellian distribution of neutrons a t  
57°C). 

Evaluating the terms of equation [9] which involve aabs/oB we find 
- (0.0286/t)(~,~,/ff~) = 6.27 X lo-'- 1 . 9  X loF9 = 6.25 X lo-' 

and 
exp ( - 0.0286 aabs/aB) = 0.995. 

I t  is obvious that even a large change in the value of aab,/aB will not apprec- 
iably affect the final result. 

The ratio af/aB is a quantity which is usually determined experimentally. 
Since the ultimate value of Yf is critically dependent on this ratio it was 
thought desirable to use it as a standard rather than the independent values 
of the two constants. Thus the value for Yf may be easily adjusted in accord- 
ance with any subsequent revisions in the value of the ratio af/aB. 
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We have used a ratio of 0.773 for uJ/aB for natural boron having an isotopic 
composition identical with that used in our experiment. The ratio already 
takes into account the fact that our irradiation occurred in a beam of neutrons 
having a Maxwellian distribution corresponding to  a temperature of 57°C. 

For B1" 
UJ/UB = 0.1883 X 0.773 = 0.1456. 

From equation [9] 

Y - --- XXlX- (0.0286/t) (o,,,/a~)I 
- X[(0.0286/t).Uo(uf/uB)] (exp(-0.0286 aab,/aB) -exp(- At) } '  

Evaluating the remaining factors in the above equation we ,find the value 
for 

where 0.992 is the correction factor to bring the result to  that resulting from 
thermal neutron fission alone, 0.729 is the correction for chemical recovery, 
and 0.997 is the correction for recoil loss. 

and 

Uo = 
0.6465 X 6.025 X loz3 X 0.00719 = 

l o ~ g  atonls 
238.07 

where 0.00719 is the value for the natural abundance of U235(14) and exp(-At) 
= 1 -effective saturation factor = 1-0.580 = 0.420. Therefore, 

The errors involved in our measurement are: 
(a )  disintegration rate (standard) 1 .a% 
( b )  mass spectrometer analysis (average deviation) 3.4% 
( 6 )  chemical yield (average deviation of three results) 0.5% 
(d) fast fission contribution (estimated maximum) 0.6% 
( e )  saturation factor (estimated maximum) 0.5% 
Cf) fission recoil loss (estimated maximum) 0.1%. 
Errors not associated with the measurement but which occur in the calcula- 

t ion are : 
(g) abundance of U235 in natural uranium, 
(h)  abundance of the boron isotopes, 
(i) the ratio aJ/aB. 
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The errors in (g) and ( h )  are small. No error is included for the value of 
u j / u B  chosen. Should a better value be available our result need be corrected 
only by the ratio of the new value to the old. 

Treating the errors listed ((a)-Cf)) as standard errors the thermal neutron 
fission yield of Ba140 is (6.32 f 0.24)%. 
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THE POLAROGRAPHIC REDUCTION OF AMARANTH' 

ABSTRACT 
Amaranth, a food color, has been studied polarographically over a pH range 

of 2.0 to 10.0 in aqueous solution and was found to give a well-defined wave, 
diffusion controlled and suitable for quantitative work. Irreversibility was 
indicated by the behavior of the half-wave potential to changes in pH and 
co~icentration. With pH, a direct relationship of -0.080 v. per pH unit held 
between pH 2.0 and 7.0, while with concentration, the half-wave potential was 
found to apparently vary directly with the logarithm of concentratioa. Using a 
coefficient of diffusion value obtained by coilductance measurements the value 
of n for the reaction was calculated to be 4, which corresponds to a ruptl~re of 
the azo group to  yield the corresponding amines. 

In connection with the work of this laboratory, a study of the polarographic 
behavior of the artificial food colors was begun with the object of determining 
the possible value for qualitative and quantitative analysis. This paper is the 
first of a series ancl describes the reduction of amaranth a t  the dropping 
mercury electrode. 

A consideration of the formula of amaranth reveals that  two liltely possi- 
bilities for reduction exist: ( a )  the azo group accepts two hydrogen atoms to 
form an hydrazo group, and (b) the azo group accepts four hydrogen atoms 
to yield the corresponding amines. 

Polarographic work on several con~pounds similar to amaranth suggests 
that the former reaction should take place. The azo-hydrazo reaction has 
been shown to occur with azobenzene and its derivatives (5, 6), although 
some doubt still exists as to  the reversibility of the reaction (7). The  azo dyes, 
orange I1 and metanil yellow, are claimed to follow a two electron reduction 

lManuscript  received J u l y  30, 1954. 
Contrib~rtiotz fronz the Food and Drzrg. Laboratory, Department of h'ational Healtlz and Welfare, 

Ottawa, Otzt. 
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on the basis of an n value calculated from the wave slope (2). However, this 
claiin would seeill to be somewhat doubtful as the wave included an unsup- 
pressed maximum and the behavior of the half-wave potential with changes 
in pH and concentration indicated the reaction to be irreversible. 

On the other hand, amaranth has long been known to undergo a f o ~ ~ r  electron 
reduction under the influence of chemical reducing reagents. The reaction 
forms the basis of the quantitative determination of ainaranth and similar 
azo colors by titanium trichloride reduction (4). 

EXPERIMENTAL 

All current-voltage curves were obtained on a Leeds and Northr~ip Type E 
recording polarograph using a polarizing range of 0.0 to  - 1.0 v., a current 
range of 20 pa. and damped a t  position 1 on the instrument. Half-wave po- 
tentials were obtained by first determining the diffusion current then manually 
adjusting the polarizing voltage to give the half value. The characteristics of 
the capillary of the dropping mercury electrode as determined a t  a potential 
of -0.5 v. and a mercury head of 60.0 cm. were m = 1.90 mgm./sec., t = 3.66 
sec., and m2I3 t1I6 = 1.90 mgm.z/3 sec-'I2. 

The usual H-type cell was employed containing a saturated calomel elec- 
trode as reference anode separated from the electrolysis compartment by a 
sintered glass disk and an agar plug. The  cell was equipped with inlets to 
admit gas for the deoxygenation of test solutions. All experiments were carried 
out with the temperature of the cell controlled a t  25.0°C. 

A commercial sample of amaranth, manufactured by H. Kohnstamm and 
Co., Inc., New York, was purified by repeated recrystallization from aqueous 
solutions of sodium acetate. The product was washed with boiling ethanol 
and dried in vaczco. A stock solution of the purified dye in water was prepared 
and standardized by titanium trichloride titration. 

Solutions of the Universal Buffer Mixture of Prideaux and Ward (1) were 
prepared from reagent grade chen~icals for pH values from 2.0 to 10.0. These 
were checked on a Beckman Model G pH meter. 

Gelatin supplied by the British Drug Houses (Canada) was used to  suppress 
maxima. 

Tank nitrogen, purified by passage through an acid solution of chromous 
sulphate, was used to  deoxygenate all solutions. 

Amaranth was polarographed in aqueous solutions that  contained by 
volume 80% buffer solution and were 0.5 M in potassiun~ chloride as supporting 
electrolyte. Gelatin, when used to suppress maxima, was present in the amount 
of 0.01%. 

Conductivity measurements were made using a Leeds and Northrup 
medium conductivity cell equipped with platinum black coated electrodes. 
All ineasurements were carried out with the temperature of the cell con- 
trolled a t  25.0°C. 

RESULTS 

Preliminary experiments showed amaranth to give a well-de5ned wave over 
a wide pH range provided that the solutions were well buffered and contained 
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a liberal concentration of supporting electrolyte. A maximum appeared 011 

the wave which was readily suppressed by gelatin. 

Influence of pH 
Polarograms were run of 0.5 m M  amaranth buffered a t  pI-I values from 

2.0 to 10.0. These were done in duplicate, with and without gelatin, to note its 
effect on the wave. Some typical curves are shown in Fig. 1. Half-wave po- 
tentials and diffusion currents are listed in Table I .  

VOLTS vs. S.C.E. 

FIG. 1. Current-voltage curves of 0.5 m M  amaranth at various pH's. Solutions contained 
0.01% gelatin. 

TABLE I 
HALF-WAVE POTENTIALS (VS: S.C.E.) AND DIFFUSION CURRENTS OF 0.5 mAf AMARANTH AT 

VARIOUS pH VALUES 

pH -El (v.) id (pa.) 

*Solt~tions were 0.01% in gelatin. 
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The maxirnum appearing in the polarograins of unsuppressed solutions was 
not sufficiently pronouilced to interfere with the n~easuren~ent of half-wave 
potentials and diffusion currents. The addition of gelatin, on the other hand, 
besides suppressing the maximum, caused a slight decrease in the height of 
the wave and tended to  shift the half-wave potential to more positive values, 
the effect being very noticeable a t  high pH values. 

The half-wave potential was found to vary with the pH in a manner suggest- 
ing an irreversible, organic reaction. Between pH 2.0 and 7.0, the relationsllip 
was linear with a shift of -0.080 v. per pH unit. Beyond pH 7.0, however, 
the variation with pH was found to steadily diminish. The results are illustrated 
in Fig. 2. 

The height of the wave was found to  be independent of pH. 

FIG. 2. Effectof pH or1 the half-wave potential of 0.5 rnMarnaranth. 

InfEuence of Concentration 
Polarograms were run of solutions containing amaranth in concentrations 

ranging from 0.05 to 1.00 mlll. These were done in duplicate, with and without 

TABLE I1 
HALF-WAVE POTENTIALS (VS. S.C.E.) AND DIFFUSION 

CURRENTS OF AMARANTH I N  VARIOUS CONCENTRATIONS 

*Solzrtio~zs were 0.01 Ojo i n  gelatin. 
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gelatin, a t  pH values of 4.0, 6.0, and 8.0. Some typical curves are showi~ in 
Fig. 3. Half-wave potentials and diffusion currents are listed in Table 11. 

VOLTS vs. S.C.E. 

FIG. 3. Current-voltage curves of amaranth in various concentrations-A, B, C, D, E, 
and F were 1.00, 0.75, 0.50, 0.25, 0.10, and 0.05 mM respectively. All solutions contained 
0.01% gelatin and were buffered at pH 4. 

These results also indicate the reaction to be irreversible. The half-wave 
potential was found not to remain constant but to shift to more negative 
values with increasing concentration. This behavior occurred a t  all three pH 
values and, as illustrated in Fig. 4, a direct relationship appears to exist: 
between the logarithm of concentration and the half-wave potential for the 
unsuppressed solutions. In the presence of gelatin, the half-wave potential 
also varies with concentration but in a non-linear manner. The effect of 
gelatin beconies almost negligible a t  low concentrations. 

The height of the wave was found to vary directly with the concentration. 
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I 0 SOLUTIONS C O N T A I N I N G  NO G E L A T I N  I 

I I I I I I I I 
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0 

LOG CONCENTRATION 

FIG. 4. Effect of concentration on the half-wave potential of amaranth. 

Effect of the Mercury Pressure on  the Height of the TVave 
Wave heights were determined on a 0.5 nldd amaranth solution a t  various 

pressures on the dropping mercury electrode. T h e  results are shown in Table 
111. 

TABLE 111 
EFFECT OF MERCURY PRESSURE ON WAVE HEIGHT 

Pressure Droptime Pressure Current(i) ; / p i  
(cm. Hg) (sec.) (corrected) (pa.) 

I t  will be seen tha t  the height of the wave is proportional to the square root 
of the mercury pressure which thus proves the reaction to be diffusion con- 
trolled. 

Determination of the Dif fusion Coeficient of the Amaranth.ate I o n  
In  order to calculate the number of electrons i~lvolved in a polarographic 

reaction, the coefficient of diffusion of the ion or molecule being reduced must 
be known. In  this case, amaranth being the trisodium salt of an organic ion, 
one is concerned with the diffusion coefficient of tha t  ion. While it is difficult 
to determine the coefficient of diffusion of an ion under the exact experimental 
conditions of a polarographic reaction, a value a t  infinite dilution call be 
readily obtained from conductivity measurements. With low electron numbers, 
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such values are always sufficiently close to the true values to give the correct 
solutions. 

Electrical conductivities of pure amaranth were determined a t  25.0°C. for 
concentrations ranging from 0.005 to  0.00025 equivalents. By extrapolation, 
the equivalent conductance a t  infinite dilution was obtained: 

no,, = 127.5 ohms-' cm.? 
Applying the equation 

no = A+ + A-, 
where the equivalent conductance is equal to  the sum of the ionic conduc- 
tances, and substituting the known value for the sodium ion 

= 50.1 ohms-I cm." 
the equivalent ionic conductance of the amaranthate ion is obtained: 

A-0 i,,--- = 77.4 ohms-' cm2. 
Substituting this value into the equation 

Do = 2.67 X loA7 Ao/Z cm.? set.-I (Ref. 3) 
where the ionic charge Z is equal to  3, the coefficient of diffusion of the 
amaranthate ion is obtained: 

Do, ,--- = 6.9 X lop6 cm.? sec-I. 

CONCLUSIONS 

The  wave given by amaranth has been shown to be diffusion controlled 
since its height is proportional to  concentration, independent of pH,  and varies 
with the square root of the mercury pressure on the dropping electrode. As 
the wave is well-defined, producible over a wide pH range, and free from 
excessive distortion by maxima, it is well suited for quantitative work. The  
dye may be readily detected in concentration as  low as 5 mgm./liter (8.3 
pM.) which gives a current of approximately 0.1 pa. 

The  behavior of the half-wave potential has indicated the reaction to be 
irreversible. While the half-wave potential is dependent upon the pH as  one 
would expect for an organic reaction, the shift per pH unit exceeds the theo- 
retical values predicted for reversible reactions. In addition, the half-wave 
potential is not independent of concentration, but  apparently varies with 
its logarithmic value. Provided that  proper attention is given to the factors 
of pH, concentration, the effect of gelatin, etc. on the half-wave potential, 
the wave could be of value for qualitative identification. 

T o  determine the number of electrons involved in the reaction, the figures 
from above, id:= 1.2, C = 0.1, D = 6.9 X and m2I3 tlt6 = 1.90, are 
substituted into the Ilkovid equation 

id = 607 n CDll? rn2/3 tl/6 

to give 
n = 4.0. 

A transfer of four electrons is in agreement with the second equation a s  
presented above in which the azo group is conlpletely reduced to yield the 
corresponding amines. This conclusion is substantiated by the fact that  the 
process was found to  be irreversible as such a reaction would certainly be. 
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n-EICOSENOIC ACID IN SOME NATURAL GLYCERIDE OILS' 

ABSTRACT 

n-Eicosenoic acid (as acid or ester) was isolated from the following oils: 
rutabaga seed (Brassica napobrassica Mill.), frenchweed seed (Tlalaspi arvense L.), 
dogfish liver (Squalz~s acanlhias L.), and the blubber oil of the beluga or white 
whale (Delphinapter2~s le~rcas [Pallas]). 

Thc eicosenoic acid from each of these materials was found to llave the 
unsaturation in the 11,12 position. The  content of eicoscnoic acid in the four 
oils is estimated as  follows (% of the total fatty acids): rutabaga 6, frenchweed 7, 
dogfish liver 11, beluga 4. The best sources, in respect to  yield and purity, were 
frenchweed seed and rutabaga seed. 

The frenchweed oil had the following fatty acid composition (% total fatty 
acid): saturated acids 3, oleic 16, linoleic 25, linolenic 12, eicosenoic 7, erucic 
37. 

9-Hexadecenoic acid was identified as a constituent of dogfish liver oil and 
beluga oil. 

INTRODUCTION 

n-Eicosenoic acid is available from the seed wax of jojoba (Sinzmondsia 
californica Nuttall) but the wax alcohols interfere to  some extent with the 
isolation of the acid. Neither the seed nor the wax is offered through ordinary 
commercial channels. Accordingly an effort has been made to find a glyceride 
oil having a relatively large content of eicosenoic acid, so as  to provide a more 
convenient source. 

The materials chosen for the present work were (a) two members of the 
Cruciferae family, rutabaga and frenchweed, and (b) two examples of marine 
fauna, dogfish and beluga. Certain Cruciferae seed oils have already been 
shown to contain appreciable amounts of eicosenoic acid (1, 4, 7). The oils of 
most fish livers and marine mam~nals  have a good proportion of Cz0 acids, 
although mainly polyenoic. Their value as  a practical source of eicosenoic 
acid has not been determined hitherto. 

EXPERIMENTAL 

A.  Rutabaga Seed Oil 
Rutabaga seed (Brassica napobrassica Mill.) was supplied by the Canadian 

Department of Agriculture under the common name "Acadia Swede Seed". 
T h e  oil content was 31y0. I t  had iodine value 106.7, saponification value 
178.4, and unsaponifiable matter l.8y0. The  methyl esters were prepared b y  
methanolysis and distilled a t  a pressure of 0.1 mm. or less in two lots, totalling 
595 gm. 

Distillation da ta  for one lot are given in Table I.  

'Manuscript received i n  original form September 22, 1953, and ,  as revised, Augz~st  6,  1954. 
Contribution from the Division of Pure Chemistry, National Research Coz4nci1, Ottawa, Canada. 

Issued as N.R.C. No. 5403. Presented before the X I I t h  International Congressof Pureand Applied 
Chemistry, New York, Sept. 11,  1951. 
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TABLE I 
DISTILLATION O F  METHYL ESTERS O F  RUTABAG.4 SEED OIL .- - -- 

-- 

Fraction Vapor temp., O C .  Wt. of fraction Iodine value 
(appros.) ( v . 1  

117-120 
120-123 
123-130 
130-141 
141-145 
1.45-148 
148-151 
151-162 
162-165 
Residue 

Fraction 9, judged to be mainly esters of Cso acids, was crystallizedfrom 
acetone and gave the following fractions: 

Fraction Temp. of cryst'n, O C .  Yield, gnl. Iodine value 

9 1 - 25 1 .4  (Solid) 
- 32 
- 50 

Filtrate 

Fraction 92 was hydroxylated by alkaline permanganate and gave dihy- 
droxyeicosanoic acid readily, m.p. 129-130°, equivalent weight 344.6 (theory 
344.5). Fraction 93 was saponified and gave eicosenoic acid, melting after one 
crystallization a t  21° (accepted m.p. 23-24'). 

The dihydroxyeicosanoic acid from fraction 92 was subjected to oxidative 
cleavage by periodate and gave nonaldehyde (semicarbazone, m.p. 99-100') 
and 10-aldehydodecanoic acid (semicarbazone, m.p. 159-160'). These pro- 
ducts were identified by mixed melting points with authentic specimens. 
The original acid is therefore n-11-eicosenoic acid. 

The content of eicosenoic acid is estimated to be about six per cent of the 
total fatty acids of the oil. Acids higher than C20 make up about 35% of the 
total and the remainder is chiefly C18 acids. 

B. Frenchweed Seed Oil 
Seed of frenchweed (Thlaspi arvense L.), also called penny cress, stinkweed, 

and fanweed, was separated mechanically from the screenings from wheat 
grown in Western Canada.* The oil, ohtained by solvent extraction, had 
I.V. 119.7, sap. value 176, and unsaponifiable matter 1.7%. Distillation of 
the methyl esters was carried out a t  about 0.1 mm. pressure, (Table 11). 

*Kindly fz~rnished by Alberta Seed Growers' Co-operative Ltd. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE I1 
I)ISTILLATION O F  hfETHYL ESTERS OF FRENCHWEED SEED OIL 

Fraction Vapor temp., "C. Wt. of fraction Iodine value 
(approx.) (sm.) 

Fraction 4 was crystallized from acetone, taking fractions a t  -30' and -45". 
The crystals deposited a t  -45' were crystallized once more and gave 7.5 
gm. of methyl eicosenoate, I.V. 78.7 (theory 78.2). This product was converted 
to eicosenoic acid, m.p. 23.6', I.V. 81.0, equiv. wt. 311 (theory 310.5). The 
acid was hydroxylated by performic acid, giving the low-melting isomer of 
11,12-dihydrox~~eicosanoic acid, m.p. 96-97', equiv. wt. 343 (theory 311.5). 
The melting point was unchanged in admixture with an authentic sample. 

The position of the double bond was confirmed by carrying out a cleavage 
of the dihydroxy acid by periodate. Nonaldehyde (semicarbazone, m.p. 
99-100") and 10-aldehydodecanoic acid (semicarbazone, n1.p. 159-160') 
were the products. Mixed melting points with pure semicarbazones showed no 
change. 

A second lot of esters was distilled and certain of the C1g and CZp fractions 
were examined by low-temperature crystallization. Er~icic acid, m.p. 32-34', 
was isolated. Esters of saturated acids (C16 and C18) were deposited from 
acetone a t  -30'. There was little saturated acid in the higher fractions. 
Dienoic and trienoic acids were determined by ultraviolet spectrophotometry. 

The content of eicosenoic acid in the oil is calculated to be about seven per 
cent of the total fatty acids. Other component acids are estimated as follows: 
oleic 16, linoleic 25, linolenic 12, erucic 37, saturated acids (mainly pallnitic 
and stearic) 3%. 

C. Dogfish Liver Oil 

A sample of dogfish liver oil was kindly furnished by the Fisheries Research 
Board (Canada). I t  was obtained from dogfish (Squalus acanthias L.) taken 
off the eastern Canadian coast. The oil had I.V. 126, sap. value 165.6, and 
unsaponifiable matter 13.3%. 

I t  was saponified by potassium hydroxide-ethanol and the unsaponifiable 
matter was removed by extracting the dried soaps repeatedly with acetone. 
The soaps were converted to acids and the acids were washed, dried, and 
esterified. The methyl esters were distilled a t  reduced pressure (Table 111). 

Fraction 8, judged to consist mainly of the esters of CZo acids, was subjected 
to repeated crystallization from acetone a t  temperatures from -30' to 
-GO0. Head and tail fractions were discarded. The purified ester had I.V. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1036 CAN.4DldN JOURNAL OF CHEMISTRY.  VOL. 32 

'TABLE I 1 1  
DISTILLATION OF METHYL ESTERS OF DOGFISH LIVER OIL -_ - 

Vapor temp., "C. Wt.  of fraction 
Fraction (approx.) (gm.1 Iodine value 

7 137-149 17.0 96.5 
8 149-154 26.2 107.6 
9 154-162 26.2 109.7 

10 162-172 30.0 109.7 
R Residue 55.0 

78.9 (methyl eicosenoate 78.2) and ni5' 1.4530. I t  was hydroxylated by per- 
formic acid, giving dihydroxyeicosanoic acid (low-melting isomer), m.p. 
94-95", equiv. wt. 345 (theory 344.5). The melting point was not depressed 
by mixing with authentic 11,12-dihydroxyeicosanoic acid. The content of 
eicosenoic acid is estimated to be llyo of the total fatty acids. 

The lower-boiling esters of dogfish liver oil were examined for hexadecenoic 
acid. Fraction 1 (Table 111), I.V. 25.9, was dissolved in acetone and cooled 
to -55" to precipitate saturated acids. The filtrate gave 3.0 gm. of esters of 
I.V. 55.0. This portion was hydroxylated by permanganate and gave an 
acid of m.p. 123-124". I t  did not depress the melting point of a sample of 
9,lO-dihydroxyhexadecanoic acid, m.p. 124", prepared in the same way from 
cod liver oil. The structure of the cod liver oil acid was determined by periodate 
cleavage ancl identification of the two fragments. 

D. Beluga Oil 
A sample of oil from the blubber of the beluga or Hudson Bay white whale 

(Delphinapterus leucas [Pallas]) was obtained from the extraction plant a t  
Churchill, Man.* 

The oil had I.V. 116.5, sap. value 210, and unsaponifiable matter 1.4y0. 
I t  was converted to methyl esters (480 gm.) and distilled a t  reduced pressure 
(Table IV). Some low-boiling material, probably methyl isovalerate, was 
lost a t  the beginning of the distillation. 

I t  was judged from the course of the distillation that fractions 9 ancl 10 
consisted chiefly of esters of C20 acids. They were crystallized three times from 
acetone, the saturated and polyenoic esters being discarded each time. Two 
lots of methyl eicosenoate were thus obtained, 4.6 gm. of I.V. 77.9 and 6.7 
gm. of I.V. 78.0 (theory 78.2). On saponification and hydroxylation, this 
material gave dihydroxyeicosanoic acid, n1.p. 93-94" (by performic acicl) 
and 128-129" (by alkaline permanganate). These melting points were not 

*Kindly  fz~rnished by U'. J .  W a r d ,  President, Adanac Whale and Fzsh Products Ltd. 
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HOPKINS A N D  CHISIfOLBI: 71-EICOSENOIC ACID 1037 

TABLE IV 
DISTILLATION OF METHYL ESTERS OF BELUGA OIL 

Fraction Vapor temp., "C. Wt. of fraction Iodine value 
(appros.) (gm.) 

14-146 8 . 6  
146-153 43.3 
153-156 25.3 
156-160 18.6 
16G166 18.3 
Residue 22.3 

depressed on admixture with the low- and high-melting isomers, respectively, 
of 11,12-dihydroxyeicosanoic acid. 

Oxidative cleavage of the dihydroxy acid by sodium periodate gave non- 
aldehyde (semicarbazone m.p. 94-95') and 10-aldehydodecanoic acid (semi- 
carbazone m.p. 159-160.5'). Mixed melting points with pure semicarbazones 
showed no depression. 

The quantity of eicosenoic acid originally present in the oil is estimated a t  
4% of the total fatty acids. 

The lower-boiling esters of beluga oil were examined for hexadecenoic acid. 
Fraction 3 (Table IV), I.V. 82.9, was crystallized from acetone, giving a 
monoenoic fraction of I.V. 94.5 (methyl hexadecenoate, I.V. 94.6). The 
yield was poor. I t  was hydroxylated by permanganate to give dihydroxy- 
palmitic acid, m.p. 123-124'. The melting point was unchanged in admixture 
with 9,10-dihydroxypalmitic acid made from cod liver oil. The hexadecenoic 
acid from beluga oil was also converted to the low-melting isomer of 9,10- 
dihydroxypalmitic acid, m.p. 87-88'. 

The data are not sufficient to calculate the content of acids other than 
eicosenoic. However, the time:temperature distillation curve indicates ap- 
proximately the following fatty acid groups: below Cle, 15y0; C16, 40y0; 
Cle, 20%; C20, 15%; above CZO, 10%. 

DISCUSSION 

A .  Rutabaga seed fatty acids have not been studied hitherto. The constants 
of the oil and the distillation data  show that it is a typical Cruciferae oil, 
resembling rapeseed oil in con~position. The content of eicosenoic acid is 
similar to that of other Cruciferae. 

B. Frenchweed seed fatty acids (Thlaspi arvense L.) were described in 
1944 in papers by Schrader (5) and by Clopton and Triebold (2). The principal 
acids were oleic, linoleic, and erucic. The present work shows that there is 
also an appreciable content of eicosenoic acid. The isolation and purification 
of 11-eicosenoic acid from this oil was relatively easy. 

C. Dogfish liver oil (from Squalus acanthias L.) was shown by earlier workers 
(3) to have a large proportion of C20 acids and a lower content of polyenoic 
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acids than many fish oils. These authors did not isolate the individual acids. 
However, it is assumed that eicosenoic acid is present in oils of this tjrpe. 
The content of Czo acids in our sample of dogfish liver oil is less than the 29% 
found by Guha and co-workers. The yield of eicosenoic acid was also less than 
expected. I t  was difficult to purify, apparently because of the more highly 
unsaturated acids that accoinpany it. There was also some difficulty in 
purifying the derivative, dihydroxyeicosanoic acid, indicating that more than 
one isomer of eicosenoic acid may be present. This trouble was not encountered 
in studying the vegetable oils. 

D. Beluga oil was examined by Williams and Maslov (6), who analyzed 
the jaw, head, and body oils separately. They did not.report the individual 
monoenoic acids. The present work shows that 11-eicosenoic acid is present 
in the oil although in rather small amount, viz. 4% of the total acids. 9-Hexa- 
decenoic acid was also identified and is apparently present in substantial 
amount. 
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THE MASS SPECTRUM OF TITANIUM TETRACHLORIDE1 

ABSTRACT 

An investigation of the mass spectrum of titanium tetrachloride prepared 
from both con~mercial titanium dioxide and titanium minerals has been 
carried out, using a 180" Nier-type mass spectrometer. Values for the relative 
abundances of the titanium and chlorine isotopes have been found. Measure- 
ments of the singly ionized trichloride group show that any variation in the 
relative abundances of the isotopes of titanium contained in these samples must 
be less than one per cent. 

INTRODUCTION 

Naturally occurring variations have been found in the relative abundances 
of the non-radiogenic isotopes of many elements, including carbon, oxygen, 
sulphur, boron, and silicon. The investigations of these variations have been 
summarized by Thocle (6, 7) and Ingerson (3). 

Titanium consists of five isotopes of inass numbers 46 to 50. The  relatively 
large mass difference between the lightest and the heaviest of these isotopes 
might allow natural processes to  introduce some fractionation, for it is known 
from general chemical and physical considerations that the extent of isotopic 
fractionation is highly dependent on mass differences. 

In order to try to detect any major variation in the isotopic abundances 
of this element, measurements were carried out on samples prepared from 
commercial titanium dioxide and also from several titanium bearing minerals. 
These are described in Table I .  

TABLE I 
DESCRIPTIONS OF SAMPLES ANALYZED 

Sample Mineral Remarks Location Source 
No. 

1 Ilmenite Beach sand Melbourne, Florida Ward's Natural 
Science Establishment 

2 Ilmenite Massive Icragero, Norway Ward's Natural 
Science Establishment 

3 Rutile Massive Icragero, Norway Ward's Natural 
Science Establishment 

4 Rutiie Crystals in Pine Creek, Dr. D. H. Gorman, 
feldspar N. Carolina University of Toronto 

5 Rutile Massive Unknown Dr. D. H. Gorrnan, 
University of Toronto 

The mass spectrometer used in this project was a 180" direction focusing 
Nier-type instrument with a resolution of 1 mass unit in 300. I t  has been 
described in detail by Collins (1). Titanium tetrachloride, a liquid a t  normal 

lManuscript  received August  12, 1954. 
Contribution front the Department of Physics ,  University of Toronto, Toronto, Otzt. 
Th i s  work was  carried out i n  partial fulfillment of the requirements for the degree of Master 

of Ar t s ,  Department of Physics ,  University of Toronto. 
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temperatures with a high vapor pressure, has suitable properties for analSrsis 
by such a spectron~eter. A study of the mass spectrum of titanium chlo1-itle 
showed the singly ionized trichloricle group to  be the most satisfactory for 
this investigation because it is very abundant,  ancl falls in a mass rallge 
which is completely free from any residual hydrocarbon background. 

EXPERIhlENTAL PROCEDURE 

For the production of titanium tetrachloi-ide, a modification of the Dumas 
method, described by Walton (8), was used. This method involves passing 
chlorine over an intiinate mixture of titanium dioxide and carbon a t  red 
heat. The chloride is formed by the reaction: 

Ti02 + 2C12 + C -+ Tic14 + CO;. 
Great care was taken to exclude all moisture from the reaction line, for titanium 
tetrachloride will react with water vapor. Dissolved chloriile was removed by 
refluxing in a current of nitrogen. Very high yields can be obtained with the 
above reaction. 

In the preparation of standard samples, C.P. titanium dioxide mas used. 
The mineral samples used included ilmenite (FeTi03  and rutile (Ti02) 
from various mineral associations and from deposits of different ages. Attempts 
to  produce pure titanium tetrachloride from samples of sphene (CaTiSi05) 
and pseudobrookite (FezTi05) have been ~~nsuccessful. 

T h e  first two samples run on the mass spectrometer were prepared from 
commercial titanium dioxide. These were then mixed together to  serve as 
the standard during the remainder of the runs. A third sample, prepared in 
the same manner, was run as  a check and then discarded. 

I t  was found during preliminary analyses that  both the singly and doubly 
charged ion groups of the tetrachloride, dichloride, and illonochloride were 
formed, as  well a s  singly charged titanium ions. T h e  low mass region of the 
doubly charged titanium ions was obscured by the spectrometer background, 
which rises when halogens are introduced through the sample line. The  Tic&++ 
and T i c l a  groups were found to  be the least abundant. Most abundant were 
the Tif and TiC13+ groups. Because the mass range was slightly obscured 
up to  nearly mass 50, the singly ionized trichloride group was considered 
to  be the most satisfactory for the analyses. An investigation of the mass 
discrimination introduced by the spectron~eter in this range showed it to  be 
much smaller than the precision of the measurements. 

T h e  various chlorine and titanium isotopes combine in the formation of 
titanium trichloride in such a manner as  to form ions of 11 masses, from 151 
to 161 inclusive. T h e  relative abundances of these were measured with the 
mass spectrometer. Thus,  I1 equations were obtained and solved for the 
seven unknowns (the abundances of the five isotopes of titanium and the 
two isotopes of chlorine). 

RESULTS 

T h e  measured abundances of the components of the group for each 
sample analyzed are shown in Table 11. Using five of the equations mentioned 
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TABLE I1 
PEAK I ~ I G H T S  OF THE TITANIUM TRICHLORIDE GROUP 

FROM ANALYSES O F  SAMPLES AND STANDARDS 
- 

Peak heights of masses observed 
Sample - - 

151 152 153 154 155 156 157 158 159 160 161 

Std. A 
Std. B 
Std. C 
Std. A+B 
No. 4 
No. 4 
No. 2 
Std. A+B 
No. 3 
No. 1 
Std. A+B 
Std. A+B 
No. 2 
No. 5 
No. i 
Std. A+B 
Std. A+B 
No. 3 
No. 5 
Std. A+B 
Std. A+B 

NoLe: The n ~ ~ a l y s e s  are lisled i n  the order i n  which they were made. 

TABLE 111 
ISOTOPIC ABUNDANCES OF TITANIUM SAMPLES 

-- 

Per cent abundance 
Sample 

Ti46 Tit7 Tid8 Tid9 T ~ S O  

Std. A 
Std. B 
Std. C 
s td .  A+B 
No. 4 
No. 4 
No. 2 
Std. A+B 
No. 3 
No. 1 
Std. A+B 
Std. A+B 
No. 2 
No. 5 
No. 1 
Std. A+B 
Std. A+B 
No. 3 
No. 5 
Std. A+B 
Std. A+B 
Average 
Std. 

Deviation 

NoLe: The a7zalyses are listed i n  Lhe order in wltich they were made. 
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above, values for the relative abundances of the titanium isotopes were 
obtained by assuming various values for the C137/C135 ratio. These values 
were then substituted in the six remaining equations in order to calculate the 
corresponding TiClf abundances. By comparison of these values with the 
measured ones, it was found that  C137/C135 = 246/754, the values obtained by 
Nier (5), gave the best result, values one per cent on either side of this giving 
large discrepancies between the observed and the calculated TiC13 peak heights. 

Using this value for the relative abundances of the chlorine isotopes, the 
11 equations were solved by a method of least squares for the abundances of 
the five ti tani~lm isotopes. The  results are shown in Table 111. 

CONCLUSIONS 

Among the samples analyzed no significant variations in the relative 
abundances of the titanium isotopes were found. Small systematic errors were 
too s~nal l  to be significant. T h e  average of these abundances is given in Table 
IV, along with the values obtained by Nier (4) and Hibbs (2). I t  is seen that  
the author's determinations result in a slightly greater abundance of Ti48 

than that obtained by Nier or Hibbs. No explanation has been found for this 
difference. 

TABLE IV 
SUMMARY OF THE RELATIVE ABUNDANCES OF THE TITANIUM ISOTOPES 

Author Nier Hibbs 

In order to study the isotopes of titanium with a gas source mass spectro- 
meter, the sample must be introduced as  a halide. Using titanium tetra- 
chloride, it was found that HCI was unavoidably produced in the spectrometer, 
and that this compound can only be removed from the spectrometer tube by 
very long periods of baking out a t  high temperatures. Solid con~pounds, 
which formed a coating on the inside of the tube, were also produced. In  
addition, it is possible that  the chemical procedures carried out may have 
introduced isotopic fractionation, since the use of volatile compounds was 
involved. The properties of titanium tetrafluoride and tetrabromide are such 
as to render these con~pounds even less satisfactory for mass spectrometeric 
a~lalysis. 

Because of these disadvantages in the us? of the halides of titanium, a solid 
source mass spectrometer might give measurements of the relative abuildances 
of the titanium isotopes of greater precision than those reported here. With 
this type of instrument, the samples might be introduced as  titanium dioxide, 
the form in which the element usually occurs in nature. 
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NOTE 

THE RAMAN SPECTRA OF TRICHLOROETHYLENE: CzHCl, AND C2DCl,* 

The infrared spectra of light and heavy trichloroethylene have been reported 
by Bernstein (1) together with a summary of previous Raman investigations 
on the light compound. The assignment for CHCl=CC12 has since been revised 
on the basis of the sum rule for vibrational frequencies (2), but no depolariza- 
tion data were available to confirm the new assignment.. No Raman spectrum 
has been reported for CDCI=CC12. In this investigation the Raman spectra 
and depolarization data have been obtained for both compounds and the 
revised assignment (2) for CHCl=CC12 has been confirmed. The assignment 
for CDCI=CC12 has also been revised. 

EXPERIMENTAL 

The Raman spectra of pure CHCl=CC12 and CDCl=CC12 diluted with 
CC14 have been obtained on a photoelectrically recording spectrometer (5). 

TABLE I 
RAMAN SPECTRA" 

CHCI=CC12 CDCI=CCIz 
Depolariza- Depolariza- 

Approx. Wave tion Wave tion 
character numbers ratio numbers ratio 

v3 6 CH 
v 4  v CCI 
v5 v CCI 
V6 V  CCI 
V i  

t 
v a  6 skeletal 

.L 
v 9  

V I O  6 CH 
v11 

1' 
Y E  6 skeletal 

.L 
2 X Vll 

2 X v s  

1242 (m) 

932(w) 

840(w) 
628(s) 
381 (s) 

274(s) 

172(s) 

780(m) 
450 (m) 

211(m) 

907(v.w.) 

530(v.w.) 

1014(m) 
876 (w) 

792(m) 
618(s) 

38 1 (s) 

274(s) 

172(s) 

630(m) 
427(m) 

213(m) 

- 
aAlthough the nzrmbering of fundamentals (vl etc.) i s  still identzjied with the schenzatic representa- 

tion of the vibrational wtodes given by  Bernstein (Fig. 5, Ref. I ) ,  the assignnzent i s  different from 
thnt given i n  Table I of Ref. 1. 

bResonance dozrblet, w i th  fundamental i n  the region -1570 cm-'. 

*Isszred as N.R.C. No. 3372. 
tNational  Research Cozrncil Postdoctorate Fellow 1952-54. 
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ALLEN AND BERNSTEIN:  RAMAN SPECTRA 1045 

Depolarization ratios were obtained by the method of Edsall and Wilson (3) 
and corrected for convergence (4). The results are given in Table I and Fig. 1. 

DISCUSSION 

Since three antisymmetrical out-of-plane vibrational modes are expected, 
these are assigned to the three depolarized bands in each spectrum. The  in- 
plane or symmetrical modes can then be assigned as shown in Table I. The 
assignment for CHC1=C12 is now identical with the one indicated by the sum 
rule (2); the major difference between the present and original (1) assignments 
is that  the band a t  932 cm.-I is now assigned as an in-plane inode whereas the 
band a t  450 cm.-I is now assigned as an out-of-plane mode. The assignment for 
CDC1=CC12'has been revised in a similar manner to make it co~isistent with 
that  for the light compound. 

The two assignments are colisistent with the Bernstein-Pullin (2) sum rule 
for isotopic substitution. The rule predicts 

011 t-of-plane out-of-plane 

C vC2HC13 - C vC2DC13 = 173 cm.-I 

in-plane in-plane 

C vCzHClx .- C vC2DC13 = 1095 cm.-I 

arid the observed differences are 173 and 1105 cln.-l respectively. 

Thermodynamic Functions 
The functions given in Table I1 were calculated for CHC1=CCl2 by the 

usual statistical methods using the wave numbers of fundamentals as given in 
Table I. The following structural parameters were used to  calculate the 
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TABLE I1 
TIIERMODPNAMIC FUNCTIONS FOR CHCI=CCI? 

(Units cal. deg.-l mole-') 

product of the principal ~no~nen t s  of inertia: 
C-H = 1.08 a, C=C = 1.36 A, C-C1 = 1.72 A;  
L CCH = 120°, L HCCI = l l G O ,  L CICCI = 117". 

The product of the three principal nlolnents is calculated to be 9.05 X 10-n3 
c.g.s. units. 

1. BERNSTEIN, H. J. Can: J .  Research, B, 26: 132. 1950. 
2. BERNSTEIN, H. J .  and PULLIN, A. D. E. J .  Chern. Phys. 21: 2188. 1953. 
3. EDSALL, J.  T. and WILSON, E. B., Jr.  J. Chem. Phys. 6: 124. 1938. 
4. RANI<, D. H. and KAGARISE, R. E. J. Opt. SOC. Amer. 40: 89. 1950. 
5. WHITE, J. U., ALPBRT, N., and LE BELL, G. J. Opt. Soc. Amer. To be published. 
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VOLUME 32 DECEMBER 1954 NUMBER 12 

, ON THE DRYING OF DIALYZED LIGNHNSULPHONIC ACID1 

ABSTRACT ' 

To evaluate the effect of drying temperature on the composition of high 
molecular weight ligninsulphonic acids, samplcs of a dialyzed ligninsulphonic 
acid solution were dried in several ways. Analyses showed that heating the solu- 
tion to 70°C. for 16 hr. did not give an anhydroc~s material. When this material 
was heated for an  additional period of 22 hr. a t  90°C., i t  became anhydrous 
and also lost part of its sulphur content. Air drying of either the free acid or the 
calci~lm salt, followed by grinding and drying i7z vaczro to constant weight, pro- 
duced materials with essentially the same elemental co~nposition after allowance 
was made for the calcium content, and because of this it is concluded that no 
decomposition of the free acid occurred during this drying process. Elementary 
analyses were in good agreement with those reported by other worlcers. The 
hydrosyl content found for the free acid was lower, and the oxygen content 
was higher, than the corresponding values reported by Erdtman, Lindgren, 
and Pettersson or those reported by Freudenberg, Lautsch, and Piazolo. 

INTRODUCTION 

The determination of the total solids content of aqueous solutions of free 
ligninsulphonic acid has presented some difficulties since dehydration or 
deconlposition reactions appear to take place a t  temperat~lres greater than 
70°C. Since it is known that ligninsulphonic acids are relatively strong acids, 
and that many organic compounds undergo alteration in an environment which 
is strongly acidic and especially a t  elevated temperat~rre, it would seem 
desirable for total solids determinations to  convert ligninsulphonic acids to 
neutral salts and to dry and weigh these neutral salts. I t  was of interest to  
us, however, to determine the eflect of di5erent methods of drying on the com- 
position of the free acid and this e3ect has therelore been investigated. 

The method for determining the total solids in waste sulphite l i q ~ ~ o r  pub- 
lished by Yorston (7), and by Partansky and Benson (4), involves heating 
an aliquot of the solution for 24 hr. a t  105OC. Freudenberg et al. (2) have 
presented analyt~cal values for ligninsulphonic acicl dried in vacuo a t  55OC. ; 
Peniston and McCarthy (5) have obtained analytical values on a sodium 
ligninsulphonate dried in vacuo a t  a temperature less than GO'C. 

Wald ef al. (6) have found that the con~position of Iclason lignin varies 
with the length of time that the material is dried a t  105OC., and suggested 
that a thertnal deconiposition was involved, since the same phenomenon was 
observed when the drying was conducted under pur-e nitrogen. 

lfiIan7~scrifit received M a y  97, 1954. 
Contribution from the Department of Clcenzistry, Ontario Researcl~ Focrndation, Toro~zto,  O n t .  
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Since ligninsulphonic acid (LSA) becomes insoluble on heating a t  elevated 
temperatures, it seemed probable that it \vould be similar to Iclason lignin, 
in tha t  it would also require mild drying conditions in order to  minimize 
decomposition. I t  was therefore decicled t o  dry LSA a t  room ternperat~~re and 
a t  two elevatecl temperatures, and then to  compare the analytical values 
obtained for these materials. 

EXPERIMENTAL 

The  fermented waste sulphite liquor used in this investigation was kil1dly 
supplied by the Ontario Paper Company. I t  was subjected to  exhaustive 
dialysis in a cellophane tube to  remove low molecular weight materials and then 
decationized by passage through a column containing a cation exchange 
resin (Amberlite IR-120) on the hydrogen cycle. 

A sample of the dialyzed, decationized LSA was allowed to stand in a tared 
dish a t  room temperature and pressure until a solid, brittle residue was ob- 
tained; it was then finely g o u n d  in an agate mortar and dried i n  vacuo? 
over P2O5 a t  room temperature to  constant weight (Sample I ) .  

A second sample of this LSA solution was converted into the calcium salt 
by the addition of an excess of calcium carbonate, and, after filtration through 
a fine porosity sintered glass crucible, was dried as  above (Sample 11). 

A further sample (10.0 ml.) (11.8% solids) of this LSA solution was placed 
in a weighing dish (diameter = 23 in.) and heated in an oven a t  70°C. for 
16 hr. (Sample 111). The material was then finely ground and a portion of 
it was heated a t  90°C. for a further 22 hr. (Sample IV). 

The  carbon, hydrogen, sulphur, and methoxyl contents of Samples I to  
IV were then determined and the oxygen content calculated by difference. 
The  hydroxyl content of the free acid, dried in vacuo, was determined by the 
method of Erdtman et al. (1). The sulphur dioxide which distills over simult- 
aneously with the acetic acid was, however, not determined by their procedure, 
but  by titration with standard (0.01 N) iodine solution. 

The analytical results are shown in Table I ;  from these analytical figures 
the formulas shown in Table I1 were calculated on the basis of nine carbon 
atoms. 

DISCUSSION OF RESULTS 

There were no large differences between the Cg formulas for the free acid 

'TABLE I 
ANALYSES OF DIALYZED, DECALCIFIED, LIGNINSULPHONIC ACID DRIED UNDER DIFFERENT 

CONDITIONS 
- -- 

Sample No. Drying temp.,"C. %C %H 700 %S %Ca %OH %OC& 

I RT 5 4 . 4  5 . 6  33.7 6 .29 - 3.18 13 .2  
I I R T  (Casalt) 52 .6  5 . 0  31.3 6 .64  4.35 - 12 .2  

111 70 51 .5  5 . 6  36.9 6 .02  - - 12.1 
IV 90 57.5 5 . 4  32 .3  4.80 - - 13 .9  

?In all ca.ses wilere the phrase "in vaczio" appears a water pump was used to lmuer the pressure. 
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NEWCOAIBE: D I A L Y Z E D  LIG.VINSULPRONIC ACID 1049 

TABLE I1 
FORMULAS, ON A C9 BASIS, FOR DIALYZED, DECALCIFIED, LIGNINSULPHONIC ACID DRIED UNDER 

DIFFERENT CONDITIONS 

Weight 
Sample No. Drying temp., C H 0 SOZH OCHB Ca of the 

"C. Cs CrOUD 

I R T  9 9.0 2.40 0.43 0.93 - 219.3 
I1 R'1' (Ca salt) 9 8 .2  2.13 0.47t 0.89 0.25t 

8.7* O.OO* 216.6* 
111 70 9 9 .8  3.13 0.43 0.90 - 230.9 
I V 90 9 9.8 2.33 0.31 0.93 - 209.2 

*After allowance was made for the a!nount of calcium present. 
tSO,H 1 .9 .  

Ca - 1 

dried a t  room temperature in  vacuo and the c a l c i ~ ~ m  salt dried under the 
same conditions. 

The materials dried a t  room temperature and tha t  heated for 16 hr. a t  
70°C. showed large differences not in the SOSH or OCHZ contents, bu t  in the 
hydrogen and oxygen contents, presumably due to the presence of water. 
The  higher Cg reacting weight (230.9) of the material heated a t  70°C. as 
compared with that dried a t  room temperature (216.6-219.3) also suggested 
the presence of water in the former material. 

The oxygen content of the material dried a t  90°C. is similar to  that of the 
materials dried a t  room temperature and i t  seemed probable, therefore, t ha t  
the material heated a t  90°C. was anhydrous. The higher hydrogen content 
could be due t o  a slight error in the hydrogen analysis. Although the material 
appears t o  be anhydrous i t  has been partially desulphonated. 

The insolubility in water of the materials dried a t  70°C. and 90°C. indicated 
tha t  they were chemically changed by the higher temperatures. The  lack of 
change in the methoxyl content of a Cg unit indicated tha t  the methoxyl 
groups were unaffected by the conditions of drying. 

TABLE 111 
Cs FORMULAS FOR PARENT LIGNINS 

Weight 
Substance Drying conditions, C H 0 OCHH OH of the 

dried Temp.,"C. Pressure Cs group 
- 

Ba salt of - 9 8.2 2.5 0.94 - 185.5 - 
LSA (1) 6.7 1.0 1.45-1.53 

Acid (LSA) 55 Reduced 9 8 . 6  2.36 0.91 - 182.8 
(2)* 7.0 0.78 1.58 

Lignothio- - - 9 8.9 2.85 0.92 - 191.2 
elvcollic acid 

Na salt of <60 Reduced 9 7.2 2.75 0.94 - 188.5 
LSA ( 5 )  9 7.0 2.84 0.95 - 190 1 ~ ~ . -  - 

~ r e e  a d d  ' RT Reduced 9 9.4 2.80 0.93 - 191.2 
8 .6  1.96 0 84 - 

Ca salt RT Reduced 9 9.i 2.60 0.89 - 186.5 

* T h e  values shown were calculated by  Erdtwatt el al.  front the analytical reszilts of Frezrdenberg. 
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Assuming that  sulphonation of the lignin involvecl the replacement of one 
hydroxyl group by one sulphonic acid group, the formula for the parent Iignin 
has been calculated, and the results are conlpared, in Table 111, with those of 
other workers. 

The  C,  H, 0 ,  0 C H 3  formulas in Table I11 are in general agreement, a]- 
though the hydrogen content reported by the author is higher than t ha t  of 
other workers. 

The  elementary analyses of the materials for which hydroxyl values were 
available were essentially the same before the exclusion of the methox3-1 and 
hydroxyl groups; after allowance was made for these groups it was found that  
the free acid, dried a t  room temperature, had a higl~er oxygen content and 
a lower hydroxyl content per Cs unit than the other two materials. 

Since the free ligninsulphonic acid dl-ied in vacuo nt room temperature gave 
the same analytical results as the calciuin salt dried under the same conditions 
it is conclucied that no decomposition of the free acid occurred. 
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THE ELECTRICAL CONDUCTANCES O F  AQUEOUS SOLUTIONS 
O F  SILVER NITRATE AND O F  AMMONIUM NITRATE AT THE 

TEMPERATURES 221.7'C. AND 180.0°C., RESPECTIVELY1 

ABSTRACT 

The specific and equivalent conductances (which also involve the de115ities) 
of aqueous solutions of silver nitrate and of ammonium nitrate, rang~ng In 
concentration from 0.1 M to that of the pure molten salt, have been determined 
a t  temperatures of 221.7"C. and 180.0°C., respectively. I t  has been found that 
when the equivalent conductance is plotted against logarithm of the concentra- 
tion, a straight line is obtained in the region of concentrations greater than 
about G M or less. Hence the equivalent conductance can be calculated from 
the relation 

Ac = An-D[log C,-log C ]  
where D = the slope and A, = equivalent conductance a t  the limiting experi- 
mental concentration, C, (in the molten state). 

In continuation of the work which has been going on in this laboratorifor 
the past five years (2, 3), the specific and equivalent conductances of aqueous 
solutions of silver nitrate and of ammonium nitrate, ranging in concentration 
from 0.1 M to that of the pure molten salt, have now been determined a t  
temperatures above the melting points of the salts, viz. 221.7'C: for silver 
nitrate (m.p. 212') and 180.0°C. for ammonium nitrate (m.p. 169.6'). In 
order to obtain equivalent conductance it was also necessary to determine 
the densities of all solutions a t  the temperatures of determination of conduc- 
tance. In this way we have been able to attack the problem experimentally, 
almost for the first time, of what happens to the conductance of a molten salt 
when a little water is added. The viscosities were not determined but it is 
planned to do these as a separate undertaking, if a suitable technique can be 
developed. 

EXPERIMENTAL 

Since the vapor pressure of water a t  220°C. is of the order of 25 atm., all 
work had to be done in a sealed bomb. A standard steel bomb was obtained 
from the American Instrument Company and electrical leads introduced. 
These were rendered gas-tight, in the manner recon~~llended by  the Company, 
by crushing soapstone cones together under pressure. We were never troubled 
by gas leaks but occasioilal electrical shorts were traced to faulty insulation. 
'This was remedied by enclosing ,the conducting wire in Teflon tubing before 
screwing down the soapstone cones. 

Fig. 1 shows the type of cell used, in position in the bomb. If used for dilute 
solutions, such a cell would show a prono~~nced Parker effect, but this effect 
is negligible with concentrated solutions. The cell was provided with ground- 

'Manzcscript received Augzcst 6 ,  1964. 
Contribzction from the Departnzent of Chemistry, University of illanitoba, Winnipeg,  iMan. 

ZHolder of a National Research Cozcncil Bzcrsary, 1952-53. 
3Gtttinco Fellow, 1953-54. 
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I 
FIG. 1. Diagram of the cell in  the bomb. 

glass caps but these were perforated to equalize the pressure inside and outside 
of the cell. A very high cell constant is necessary in this work for accurate 
determinations of resistance, and this was achieved by the use of a fine 
capillary. 

Densities were determined in a small specific gravity bottle of 10 inl. capac- 
ity, the usual precautions being taken, but in view of the smallness of t he ,  
bottle and the difficulty of operating a t  these high temperatures, we have not 
expressed densities beyond the third decimal. The density bottle, after being 
filled, was placed a t  the bottom of the bomb and the charged conductance 
cell on top; in this way density and conductance were always determined a t  
the same temperature. Since the specific gravity bottle of necessity over- 
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flowed as a consequence of rising temperature, this hacl the desirable effect of 
having solution both outside and inside the conductance cell so that distillation 
effects in the cell were avoided. 

Constancy of temperature within ~ k 0 . 0 ~ 5 ~  was attained in the thermostat. 
This temperature variation introduces an uncertainty of about O.lyo into our 
conductance measuren~ents. Such an error would be intolerable in work on 
dilute solutions, but it is of no great consequence here where the dilution 
factor is so small. In any case, the temperature control was good for the high 
temperature involved. The thermostat consisted of a rectangular copper tank, 
of capacity about 8 gal. As thermostat fluid we used "Sturbinol No. 65" 
from Imperial Oil. This is good for about 30 days' continuous running. This 
oil fumes rather badly but the escape of fumes into the laboratory was inini- 
mized by having the thermostat enclosed in a wooden cabinet with a glass 
cover and exhaust draught. Stirring was provided by two large stirrers of the 
Archimedean screw type placed a t  opposite corners of the thermostat and 
driven by flexible leads. A mercury-in-glass control with large reservoir was 
used. 

Temperature was measured on a Beckmann which was calibrated frequently 
against a standard platinum resistance thermometer. To  guard against 
possible sudden fluctuation of the Beckmann calibration, a direct reading 
thermometer, graduated in 1/5", was also kept in the bath. The space (about 
2 in. all round) between the thermostat and the containing cabinet was 
packed with powdered asbestos. 

Electrical measurements were made with the Campbell-Shackelton bridge, 
previously described (2, 3). Cell constants were determined in a separate 
thermostat, a t  25.00°C.; it has been shown previously, by calculation, that 
the effect of temperature on the cell constant is negligible. 

Reference to the solubility isotherms of silver nitrate (1) and of ammo~lium 
nitrate (6) shows that water is saturated with these salts a t  a coilcentration 
of about 60% by weight a t  room temperature. Therefore, only up to  this 
concentration can solutions be made up by direct weighing. For higher 
concentrations, the procedure was adopted of weighing out approximate 
quantities of salt and water and raising the temperature, with constant 
stirring, to  a temperature somewhat above that a t  which the mixture becomes 
homogeneous. The conductance cell and specific gravity bottle were then 
filled and a sample removed for analysis, as nearly simultaneously as possible; 
slight fall in temperature was unimportarlt so long as the solution remained 
unsaturated. Analysis was made by determining the specific conductance a t  
25°C. (after dilution with a weighed quantity of water and after a weighed 
aliquot was taken). By this method, concentrations up to 88yo or 90% could 
be prepared. There remained a gap between 90 and 100% salt by weight 
but,  since the change of equivalent conductances with concentration is so 
slight in this region, this is not serious. For the anhydrous salts a somewhat 
different procedure had to be adopted and for this purpose the apparatus of 
Fig. 2 was constructed; it  is practically self-explanatory. The wllole apparatus 
was immersed in an oil bath a t  a temperature above the melting point of the 
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FIG. 2. Apparatus for rnolten salts. 

salt. After fusion, the conductance cell was filled by pressure. The density of 
molten alnmoniunl nitrate was determined in the usual way with a specific 
gravity bottle but that of silver nitrate could not be done in this way, since 
incipient decomposition caused the formation of gas bubbles, which could 
not be removed by agitation. For silver nitrate, therefore, we resorted t o  a 
simple U-tube immersed in an oil bath. The bend was filled \v$h molten 
silver nitrate and one limb with a silicone; the heights of the columns were 
measurecl with a cathetometer. This relatively crude method gave a density 
which can only be quoted to the second decimal, but, so far as it goes, the figure 
is in agreement with the figure of Goodwin and Mailey (4) and with that 
interpolated from the work of Spooner and Wetmore (7);  Jaeger's figure (5) 
seems to be erroneous. 

RESULTS 

Table I contains our results for specific and equivalent conductances and 
density. 
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TABLE I 
CONDUCTAKCES AKD DEKSITIES OF AQUEOUS NITRATE SOLC'TIONS 

Specific Equivalent 
Weight conductance Density, Molarity conductance 

7% in  mhos gm./ml. in mhos 

Aqueozrs silver nilrafe solulions a1 221.7OC. 

Aqueous ammotziz~rn nitrate solzrlions at 180.0°C. 
0.7984 0.0474 0.8919 0.0890 
8.5160 0.3752 0.9276 0.9868 

DISCUSSION 

As was found a t  95OC. (3), the specific conductances of both salts pass 
through ~naxima with in.creasing concentration. The ~nax i~num specific con- 
ductance of silver nitrate, a t  221.7OC., has the value 1.136 mhos a t  a concen- 
tration of 12.11 M; the value a t  95OC. is 0.6068 a t  10.7 M. That  of amnlonium 
nitrate a t  180.0°C. is 1.122 a t  a concentration of 7.62 M; the value a t  95OC. 
is 0.7868 a t  7.28 M. Reference to our work a t  95' and, in the case of ammonium 
nitrate a t  25O, shows that the concentration corresponding to the maximum 
is shifting somewhat in the direction of higher concentration with rising 
temperature. 
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CONCENTRATION (MOLES I LITRE) 

FIG. 3. Silver nitrate. 

111 Figs. 3 and 4, the equivalent conductances for all four temperatures 
of this work are plotted against concentration. The approach to straight line 
behavior is marked but, if our data are plotted on a large scale, it will be 
found that it is only an approach; absolute straight line behavior is never 
attained. On the other hand, one of us (J.T.H.) when plotting various functions 
at  random discovered that if A be plotted against log10C (or, of course, 111 C) 
a very exact straight line is obtained from concentrations of about 2 A f  
(AgN03) and upwards, and 6 M (NHdN03) and upwards. This is illustrated 
in Figs. 5 and 6. Since graphical representation on the small scale of a journal 
is no true indication of linearity, we have evaluated the slope from a large 
scale graph and used this to calculate Ac from the equation 

where A, is the equivalent conductance a t  the limiting experimental concen- 
tration C,, and in this way convinced ourselves of the straightness of the 
plot. 
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CAMPBELL ET AL.: ELECTRICAL CONDUCTAlVCES 

CONCENTRATION (MOLES / LITRE) 

FIG. 4. Ammonium nitrate. 

LOG C (MOLES L I T R E )  

FIG. 5. Silver nitiate. 
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0 0.2 0.4 0.6 0.8 1.0 1.2 

L O G  C (MOLES / L I T R E )  

FIG. 6. .immonium nitrate. 

In previous communications (3) we pointed out that the5'plot of equivalent 
conductance (at equal concentrations) against temperature was a straight 
line (for silver nitrate and for ammonium nitrate) up to 95OC. - although this 

TABLE I1 
TEMPERATURE COEFFICIENTS OF CONDUCTANCE, 

BETWEEN 95' AND 221.7' (AcN03) AND 
BETWEEN 95" AND 180.0" (NHINOS) 

Concentration Temperature coefficient 
in  moles/liter 

-5gNOa NH3NOd 
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C A M P B E L L  ET AL.: ELECTRICrlL CONDUCTANCES 1059 

straight line behavior could not be continued indefinitely; the concluctance 
must (presumably) decrease before the critical temperature of water is 
reached. This is now found to  be the case. Our complete results (for 25', 35', 
95', and 221.7' or 180') are plotted in Figs. 7 and 8 (for interpolatecl molar- 
ities). In the absence of data from which to obtain the curvature, the curves 
are given as  two straight lines; the slope is now decreasing beyond 95'. So- 
called temperature coefficients of conductances have been evaluated, between 
95' and the higher temperature, from the equation 

These figures are given in Table 11, for integral rnolarities. They have no 
quantitative significance, since they assume straight line behavior, but  they 
do show that the temperature coefficient is becoming smaller with rising 
temperature. A change in these coefficients is to be exepcted with increasing 
concentration, since, after a certain concentration is reached, the ion must 
begin to  lose its sheath of water molecules. Some such effect might be attributed 

0 30 6 0 90 120 15 0 180 210 

TEMPERATURE 'C. 

FIG. 7. Silver nitrate. 
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EQUIVALENT CONDUCTANCE / I 
VS. TEMPERATURE 

I I I 
30 9 0  

I 
150 

TEMPERATURE %. 
FIG. 8. Ammonium nitrate. 

to  the a~nmonium nitrate where the "coefficient" seems to level off as  the anhy- 
drous condition is approached, but the values for silver nitrate are quite 
sporadic. Possibly the method of calculation malies the values quite worthless 
and no conclusion should be drawn. 
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THE PHOTOLYSIS OF 2,2'-AZO-BIS-ISOBUTYRONITRILE' 

ABSTRACT 

The  photolysis of 2,2'-azo-bis-isobutpronitrile (AIN) has bee11 studied in 
benzene solution through combined Cori~ing filters 9863 and 5850 in the near 
r~ltraviolet, employing a General Electric UA-2B quartz Uviarc as  a light source. 
An over-all qrrantu~n yield of 0.43 was found. The  rateof decompositionof AIN in 
moles/liter seconds for this system is equal to 0.43 X [total light absorbed]. 
Twice this value may be take11 as  the rate of ir~itiation when AIN is used as  a 
photochemical initiator of polymerization. 

INTRODUCTION 

Thiele and Heuser (16) first synthesized the compound 2,2'-azo-bis-iso- 
butyronitrile (AIN) in 1896. They showed it to be thermally unstable and 
identified its decomposition products as nitrogen and tetramethyl succino- 
dinitrile (TSN). Dox (5) in 1925 extended this synthesis to several similar 
azo con~pounds. 

The use of AIN as a thermal free-radical initiator was first reported in 1949 
by Lewis and Matheson (9), who measured its rate of thermal decomposition 
by following nitrogen evolution and found the activation energy of decom- 
position. Overberger et al. (12) made similar measurements about the same 
time. A reliable first order decomposition rate that was practically independent 
of the solvent medium was found. I t  is this feature which makes AIN such an 
excellent initiator in the kinetic studies of free radical systems for which it has 
been widely used (4, 9, 12, 13, 17). 

Lewis and Matheson (9), using a mercury arc source, first reported in 1949 
the use of AIN as a photoinitiator in a free radical system. I t  has since been 
used in this role in the sector method (2, '11) and in the study of "unsteady 
state" kinetics (7, 10) and seems especially suited to  it, producing a reliable 
rate which can be made constant for practical purposes. One parameter which 
must be evaluated in these studies is the rate of initiation. This may be done 
by the use of inhibitors (3) or by a conlparison of rates with a thermally ini- 
tiated system (15). Both these methods are open to  criticism (3, 15). Bamford 
(2) evaluated his initiation rate by following AIN photolysis by the measure- 
ment of nitrogen evolved under standard reaction conditions, and assumed 
the rate of initiation to  be equal to  twice the rate of AIN disappearance. 

The sector method has been used in recent kinetic studies in this laboratory 
(1) with AIN photoinitiation, and an accurate evaluation of the rate of 
initiation was desirable. Inhibitors could not be used as they were found 
ineffective in the systems under investigation, and nitrogen evolution could 
not be readily measured. A spectrophotometric method of following AIN 

'Manuscr{pt received J z ~ l y  22, 1954. 
Contribution from the Department of Chemistry, University of VVestern Ontario, Lozdon. 

Ontario. This  work was supported by funds provided by the National Research Coz~ncil of Canada. 
2Graduate student 1951. Present address- Vtziversity o f  Edinburph. 
3Associnte Professor of Clzenzistry, University of w&tirn Ontario, Londotz, Ontario. 
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disappearance \\-as clevisecl, using the characteristic azo absorption peak a t  
3450 A. The photolysis \\-as carried out in benzene solution in a q~ ia r tz  dilato- 
meter, to duplicate reaction conditio~is. The  absolute light intensity was 
determined by uran1.l oxalate actinometry, and the quantum yielcl of AIN 
photolysis was calculated. From this da ta  the rate of initiation may be evalu- 
ated for any system using AIN photoinitiation by merely measuring the l ~ g h t  
intensity and the AIN concentration, assuming tha t  every radical is successful 
in initiating chain. 

MATERIALS 

AIN was synthesized from acetone and hyclrazine by the n~ethod of Over- 
berger et al. (12). I t  was recrystallized twice from diethyl ether and had a 
~nelting point 101"-102°C. . 

Benzene was Mel-ck Reagent Grade Thiophene-Free, used without further 
purification. 

Oxalic acid was Baker and Adamson Reagent Grade Cr) stal H ?CnOa. eHzO, 
used without further purification. 

Uranium acetate was Baker and Adamson Reagent Grade (CH ,COO) 2UOz. 
2 H 4 0 ) ,  used without further purification. 

METHODS 

All absorption spectra and optical densities were measured in 1 cm. quartz 
cuvettes in a Model DU Quartz Beckmann Spectrophotometer, using the 
ultraviolet phototube and the hydrogen lamp source. 

T h e  absorption spectrum of AIN in benzene was measured a t  a concentra- 
tion of 0.0143 M./liter. Sol~itions of AIN in benzene from about 0.01 t o  0.1 
M./liter were made up gravimetrically, and their optical densities carefully 
measured a t  3450 a, using a 0.5 mm. slit width. 

T h e  decomposition product of AIN* in benzene was founcl to  absorb slightly 
a t  this wave length, making a small correction for its absorption necessary. 
I t  was prepared by refluxing a benzene solution of A I N  for 20 hr., was recrys- 
tallized from methanol, and its absorption spectrum was measured a t  a con- 
centration of 1.41 gm./liter. T h e  melting point (169°C.) coincided with tha t  
reported by Thiele and Heuser (16) for tetrainethyl succino-dinitrile. T h e  
extinction coefficients for A I N  and TSN are shown in Table I .  

Photolysis was carried out  in a cylindrical quartz cell mounted in front of a 
q ~ ~ a r t z  window in a water bath thermostat held a t  25OC. The  plane faces of the 
cell were of optical quartz. 

The  light source was a General Electric UA-2B quartz Uviarc low pressure 
mercury vapor lamp, operated on a 58-G-284 25 cycle autotransformer, ancl 
mounted about 20 cm. from the cell. Corning filters 9863 and 5850 were mounted 
directly in front of the quartz window. 

* I t  has siltce been reported b y  Dr. S. Bywater of the National Research Cozi~zcil of Ca7rada and 
co~rfirnzed i n  thi.s laboratory that the absorptio~z reported here cannot be dzie to tetmmethyl s~rcci7ro- 
din,itrile but.is dzre to a resonance fore? of the isobytronitrile mdico.1, most probably combi7ziug with 
the normal form lo rive NGC-C(CH8)z-N=C=C(CHJ)~. This fact will 7 ~ 0 1  affecl the general 
conrlusions drawn i n  h i s  paper. 
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TABLE I 
~ ~ L T R A V I O L E T  ABSORPTION DATA FOR AZO-BIS-ISOBUTPRONITRlLE ()\IN) AXD TETRAhlETHYL 

SUCCINO-DINITRILE (TSN) 1h- BENZENE 

Wave Jength Esti~lction coefficient 
(A) A1 N TSN' 

The  cell was filled with a 0.0109 Msolution of AIN in benzene and irradiated 
for periods ranging from 0 to 500 min. The solution was then removed, and its 
optical density a t  3450 A measured on the Beckmann, ~isiilg a 0.5 mm. slit 
width. 

The light intensity was measured by uranyl oxalate actinometry. Five 
milliliters each of 0.01M UO2(CH3COO)r.2H20 and 0.05 M H z C 2 0 4 . 2 H 2 0  
were added to  the cell, which was then made up to volume (11.75 ml.) with 
water. Irradiation was carried out for periods ranging from 0 to 300 min., and 
the residual oxalate was determined by permanganate titration in hot acid 
solution. The  absorption spectrum of the actinometry soliitioi~ and the trans- 
mission characteristics of the filter combination were measured on the Beck- 
mann, while the spectral energy distribution of the Uviarc was known from 
data supplied by the manufacturers (6). Knowing the over-all rate of oxalate 
disappearance, and using the quantum yield versus the wave length da ta  of 
Leighton and Forbes (8), the absolute light intensity for each wave length 
band was evaluated. 

From the absorption spectrum of the A I N  solution, the per cent absorption 
in the cell was calculated for each wave length band, and the total light 
absorbed by the AIN was determined. Knowing this, and the over-all rate of 
AIN disappearance, the quantum yield of AIN photolysis mas calculated a s  
indicated in the next. section. 

TREATMENT OF RESULTS 

In terms of the measured extinction coefficie~lts a t  3450 L% for AIK and 
decomposition product which will be sj~mbolized by TSN' (Table I ) ,  the 
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optical density of a benzene solution of these in a 1 cm. cell will be 
PI OD = 15.0 C + 1.6 C? 

where C = moles/liter AIN remaining 
and Cz = moles/liter TSN'. 
Assuming that 1 NI. of TSN' formed for each mole of AIN decomposed, then 

C? = Co - C where Co = original conc. AIN = 0.0109 M./liter. 
In terms of these data it is apparent that the extent of photolysis can be 
expressed 

[a] Cz = Co - C = (0.164 - OD)/13.4. 

A plot of equation [2] against time of irradiation gives a curve which is 
nearly linear, dropping off a t  high values of C2. This is to be expected when the 
absorption falls because of decreasing A I N  concentration. A correction for 
this can readily be made. The rate of photolysis will vary directly as the light 
absorbed ; 
thus 
[3 1 -dc/dt = K I o ( l  - e-'lc 1 
in which K = quantum yield, 

I. = total incident light intensity, 
C = ~noles/liter AIN remaining, 
k = molar extinction coefficient X 2.303, 
1 = length of light path, 
t = time. 

Integrated between limits C0 and C and t = 0 and t, equation [3] results in 

[4] (co - C) - l /kl In (1 - em''") = KIot + constant. 

Using an effective mean value for the extinction coefficient of 9.16 calculated 
from Tables I1 and 111, the left-hand side of equation [5] was evaluated for 

TABLE I 1  
CALCULATION OF TOTAL INCIDENT RADIANT FLUX 

Wave length band Rx Ax Ix 
(A) (einsteins/sec.) 

Total 2Ix = Io = 1 .17  X W 8  
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BACK AMD S I IERTZ:  PHOTOLYSIS 1065 

TABLE I11 
CALCULATION OF RADIANT FLUX ABSORBED BY AIN 

Total 1.17 X 3.68 X 99.9 

AIN PHOTOLYSIS IN rERus OF E a N . 9  

TIME (MINUTES) 

FIG. 1. 

each experimental point and plotted against time as shown in Fig. 1. The 
slope of this straight line yielded a value of 

K I o  = 4.32 X M./liter-I sec-l. 
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Determination oj' tlze Light Intensity I 0  

The rate of decornpositioil of uranyl oxalate was determined frorn a grapl~ 
showirig oxalate decomposed against time of irradiation. A linear relationsI~ip 
is obtained in this case as the absorption depends chiefly on the uranyl ion (8) 
which remains constant. A rate of disappearance of 2.11 X A/l./sec. was 
found. Since the light used was not monochromatic and both the extinction 
coefficient of uranyl oxalate and the quantum yield vary considerably over 
the wave lengths used, the following treatment is required to calculate the 
total light intensity. I t  can be shown that the total incident radiant flux in a 
single wave length is 

X 
I x  = (rate of oxalate disappearance) Rx/Z Ax+xRx 

where Rx = relative radiant energy for wave length band X, 
Ax = fractional absorption by oxalate solution over X ,  
&, = quantum yield for uranyl oxalate photolysis over wave length 

band X. 

Values of RA were obtained from a General Electric Bulletin (6) and the 
transmission characteristics of Corning filters 9863 and 5850. Ah was obtained 
from the measured optical density of the actinometry solution and the cell 
dimensions. IA values were secured from the data of Leighton and Forbes for 
unstirred uranyl oxalate solution (8). 

These calculations resulted in a total incident radiant flux 
Z Ix = I o  = 1.17 X einsteins/sec. in the cell or 9.94 X lo-' einsteins/ 

liter sec. (see Table I I).  

Determination of the Quantum Yield K 

Since KIo was determined above and also 10 it is apparent that the. quantum 
yield is 

K = KIo/Io = 4.32 X 10-7/9.91 X = 0.43. 

DISCUSSION AND CONCLUSIONS 

(1) The low value of the quantum yield is probably due to the fact tha t  
82% of the light absorbed (see Table 11) in the strong 3650 A group of emis- 
sion lines falls on the low energy side of the AIN absorption peak. This energ!. 
probably accounts for considerably less than 82y0 of the photolysis whereas 
the 3342 A line (6.2%) and the 3132 A line (3.5%) probably accounts for 
more than these percentages in photolysis. 

(2) For the light source and filters described and on the assumption that 
there are two effective radicals per molecule of AIN, the rate of production of 
free radicals is given b), equation [3] multiplied by two. Since an)- low pressure 
mercury arc should yielcl very closely the same distribution of energy the value 
of 2.303 k = 9.16 will hold. ICIo may be readily evaluated by uranyl oxalate 
actinornetry and calculations such as presented in Tables I1 and 111. 

(3) There appears to be some uncertainty that both of the raclicals from 
AIN decomposition are effective in all reaction systems (4, 11, 14). However 
the use of inhibitors to determine rates of initiation does not dispel this un- 
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cer ta in ty .  The m e t h o d  out l ined yields  resul ts  which a r e  as dependable  a s  a n y .  

F o r  t h e  appl icat ion in t h i s  l abora tory  n o  inhibi tor  could b e  found which was 
effective. T h i s  s i tua t ion  will exist whenever  t h e  r a t e  of t h e  pr incipal  react ion 

is grea te r  t h a n  o r  comparab le  wi th  inhibi tor  r a t e s  of reaction. 
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THE OXIDATION OF CARBON MONOXIDE BY SOLID 
PERMANGANATE REAGENTS 

V I I .  T H E R M A L  D E C O M P O S I T I O N  O F  S I L V E R  P E R M A N G A N A T E '  

ABSTRACT 

The thermal decomposition in a vacuum a t  100°C. of both whole and ground 
crystals of pure dry silver permangarlate was followed by the measurements of 
increase in pressure and of loss in weight. The derolnposition products were 
determined by analysis and calculations to  be silver oxide, silver, manganese 
dioxide, silver permanganite, and oxygen. On the basis of chemical analysis the  
following mechanism of decomposition is proposed: 

(1) AgMn04 -----f AgI\/In03 + 402, 
(2) 2 A g M n 0 3 d  A g P  + 2MnOz + $02, 
(3) AgzO ------f 2Ag + 4 0 2 .  

The reaction proposed In equation (I)  goes to con~pletion, while the reaction 
proposed in equation (2) goes t o  approximately 37.7% completion, and that  in  
equation (3) goes to approximately 6.6% con~pletion. 

INTRODUCTION 

In the investigations of the oxidation of carbon monoxide by solid silver 
permanganate -zinc oxide, i t  has been reported previously that the reaction 
may be partially catalytic (6). This view was supported in part by the fact 
that more carbon monoxide is found to be oxidized than can be accounted for 
by oxygen released by the proposed equation for the decomposition of silver 
permanganate (7). However, no attempts have been made previously either 
to  identify the decomposition products or to  verify the equation proposed 
for the reaction other than by analyses for silver, manganese, and active 
oxygen. 

Heat distribution studies (4) indicate that temperatures as high as 100°C. 
are reached in a silver permanganate - zinc oxide reagent packed column. The 
temperature of the reagent depends on the concentration of carbon n~onoxide 
and on the space velocity of the influent air-gas mixture. 

I t  is thought that at these reaction temperatures, the thermal decomposition 
of the silver permanganate may be an iillportant factor influencing the amount 
of oxygen from the silver permanganate -zinc oxide reagent available for 
reaction with carbon nlonoxide. 

Several studies have been made in efforts to  elucidate the inechanis~n of 
thermal deconlposition of silver permanganate and of other permanganate 
salts (3, 5 ,  9, 10, 13). Prout and Tompkins (9) suggested from kinetic evidence 
that the chemical nature of the deconlposition is best represented by: 

4AgMnOl-t 2Ag0 + 4Mn02 + 302. 
Sieverts and Theberath (10) suggested the following equation: 

2AgMn04 -t 2AgMn03 + O?, 
which was given some support by Prout and Toinpkins (9). 

1Manz~script received in. original form January  12, 1954, and as  revised, J u l y  20, 1954. 
Contrib.tition from Defence Research Clteniical Laboralories, Ottawa, Canada. Issued as Reporl 

No.  137. 
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G R A N T  A N D  K A I Z :  OXIDATION OF CARBON AIOIVOXIDE. T'II. 1069 

Various attempts, mostly by analyses for silver, manganese, and active 
oxygen, have been made to identify the end products. Gorgeu (3) and Sieverts 
and Theberath (10) suggested the existence of the compound AgRiInOn 
$Hz0 and Hein (5) calculated the product of decomposition to be 8Ag,O. 
15MnO2.MnO3.0 for the dry salt and 8Ag2O~15MnO2~i\/1nO3.60.8H20 or 
AgMn02.94 $HzO for the moist salt. The decomposition of silver permanganate 
when mixed with zinc oxide was studied by Katz et al.  (7) and the decomposi- 
tion product was expressed as a manganate-manganite of the composition 
AgPO.Mn20:, or AgMn03. 

I t  is apparent that no clear-cut evidence has been put forward to support 
the existence of any of the con~pounds suggested. No method of analysis of 
the decomposition products has been used in which the various components 
were separated on the basis of their chemical or physical properties. In the 
present investigation the clecomposition a t  100°C. of pure whole crystals and 
ground crystals was followed by measurements of the increase in pressure in a 
vacuum system and of the loss in weight. The deco~nposition products have 
been analyzed by a scheme of analysis which provided for the separation of 
some of the decomposition products. On the basis of chemical analysis of the 
decon~position products a new mechanism of thermal clecomposition of silver 
permanganate is proposed. 

EXPERIMENTAL 

PreQaration of Silver Permanganate 

Monoclinic crystals of silver permanganate approximately 1 to 5 mm. long 
were prepared by adding silver nitrate (C.P.) solution to potassium perman- 
ganate (C.P.) solution a t  40°C. The solution was filtered through glass wool 
and the silver permanganate was allowed to crystallize in the dark. The 
material was crystallized twice from distilled water and dried in a desiccator. 
The pure crystals were stored in the dark until required. 

The purity of the crystals was determined by analysis for active oxygen and 
silver content. The active oxygen was determined by dissolving the crystals 
in carbon dioxide free distilled water and filtering through a Gooch crucible 
packed with purified asbestos wool. An excess of a standard solution of sodium 
oxalate acidified with 5y0 sulphuric acid was added to the filtrate and the 
excess sodium oxalate titrated with standard potassiunl permanganate solu- 
tion. The total silver was determined gravi~netrically as silver chloride (2, 
pp. 821-23). The purity of the material was shown by the active oxygen method 
to be 99.3y0 and by the silver method to be 99.4y0. 

The term "whole crystals" refers to the crystals obtained from the last 
crystallization. Whole crystals ground gently in an agate mortar to reduce the 
size are referred to as "ground crystals". The variation in the size of crystals 
was determined by the use of a microscope. 

Procedure and Afiparatus 

The rate of thermal decomposition a t  100°C. was followed by measuring 
the increase in pressure in a vacuum system. The  vacuum system was corn- 
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posed of a Hyvac. and a mercury-diffusion pump, a calibrated McLeod gauge, 
a constant volume manometer (1) by which the  pressure could be measured 
without a change in volumc of t he  system, liquid air traps, a calibrated bulb, a 
manifold, and a reaction chamber containing a calibrated quartz spiral and a 
foil bucket. The  rate of loss in weight and finally the loss in weight of the 
material were determined by means of the calibrated quartz spiral. A copper- 
constantan thermocouple was placed near the reaction bucket to measure the 
temperature of the reaction vessel. 

In any one run, an accurately weighed sample of 0.3 to  0.4 gm. of silver 
permanganate was put in the foil bucket which was placed on the end of the 
quartz spiral. The  glass reaction vessel was attached by means of a ground- 
glass joint to  the system which was then evacuated to a pressure below 
1 X mm. and exhausted for 18 to  24 hr. to  remove any moisture xdsorbed 
on the crystals and in the system. When the constant temperature bath was 
raised to  surround the reaction vessel, temperature equilibrium was established 
within a few minutes as indicated by the thermocouple in the reaction vessel. 

Pressure measurements were made a t  intervals of 10 to 20 min. until no 
change in pressure occurred in 16 hr. The  constant temperature bath was 
removed and the whole system was allowed t o  come t o  room temperature 
before the final pressure was measured. The  loss in weight was followed by the 
change in length of the quartz spiral. The  total loss in weight was obtained by 
removing the foil bucket from the apparatus and weighing it on an analytical 
balance. 

Method of Analysis of Decomposition Products 

Because of the conflicting evidence concerning the nature of the decomposi- 
tion products present, some of the solid oxides of manganese and silver were 
considered as well as silver permanganate, silver permanganite, and elemental 
silver. The  materials which were considered are listed below: 
AgMnOl, Ag, Ago,  AgzO, MnO, MnOz, Mnz03 ,  Mn204, AgMnOs,MnOa, MnzO7. 
Of these materials, AgMn04, Mn03 ,  Rilnz07 are water soluble while only AgzO 
ancl A g o  are soluble in ammonium hydroxide solution. The  properties of 
AgMnOs, if i t  exists, are unknown. On the basis of these solubility factors a 
scheme of analysis was designed. The  analytical scheme was tested as far as 
possible. Preliminary experiments were made employing AgzO in the crucible 
used in the analysis, to  determine the efficiency of leaching and weighing 
technique under the conditions employed in the proposed scheme of analysis. 
Recoveries were excellent. Thus the general leaching process and the general 
technique of the analysis were tested. No method could be devised to check 
the analysis of the hydroxide and water insoluble fraction. The increase in 
solubility product of silver chloride in concentrated hydrochloric acid was 
also considered and is not in the order of magnitude to  introduce a serious 
error in the analysis for the purpose intended. 

Approxin~ately 80 to  100 mgm. of decomposed material was weighed into 
a 30 ml. beaker and 20 ml. of water was added. The mixture was stirred for 
15 min. and heated gently on a hot plate for 20 min. After being allowed t o  
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stand overnight, the mixture was filtered through a weighed, sintered glass 
crucible. The crucible and contents were dried in alcohol and ether and placed 
in an oven a t  100°C. for two hours and the water insoluble fraction weighed. 
The filtrate, containing the water soluble fraction, i f  any, was made up to a 
definite volun~e and portions were tested for silver and manganese ions. The  
weighed crucible was placed in a 50 ml. beaker and a solution of 14% am- 
monium l~ydroxide was allowed to percolate through the residue for 24 hr. a t  
room temperature to dissolve any oxides of silver. The crucible was removed 
from the beaker, washed with 14% ammonium hydroxide, and then all the 
solution was filtered through the crucible. The crucible was washed wit11 
alcohol and ether, dried, and the amnloniunl hydroxide insoluble fraction 
weighed. The  filtrate containing silver oxide was treated with dilute hydro- 
chloric acid and the precipitated silver chloride was weighed. The remaining 
insoluble fraction was treated with concentrated hydrochloric acid in the 
crucible to  dissolve the residual manganese oxides and silver permanganite 
and to  form silver chloride. 

After 18 hr. the solution was filtered through the crucible. The residue of 
silver chloride was dried and weighed. The filtrate containing manganese 
chloride was evaporated to  dryness in a 100 ml. beaker, dissolved in water, and 
transferred to  a small weighed beaker. The  solution was again evaporated t o  
dryness on a hot plate and then placed in an oven a t  200°C. to remove the last 
trace of water and decompose the hydrated salts of manganese chlorides. T h e  
manganese content of the dried manganese chloride residue was determined as  
a manganous pyrophosphate (Mn?P207) (2, pp. 560-61). Standard X-ray 
diffraction techniques were applied to  the decomposition products. 

RESULTS 

The approximate size and weight of the crystals employed is given in Table I ,  
as well as the weight loss of the crystals for each run. 

TABLE I 

Initial crystal Weight lost 
Run No. Crystal size weight (mgm.) (mgm.1 

2 Whole 303.5 27.4 
1 t o  5 mm. 

3 Whole 303.5 26.1 
1.0 t o  5 mm. 

4 Whole 303.4 27.3 
1 t o  5 mm. 

5 Ground 303.4 27.3 
0.1 t o  0.001 mm. 

6 Ground 302.3 27.2 
0.1 t o  0.001 mm. 

The curve for the rate of decomposition of whole and ground crystals of 
silver permanganate is shown in Fig. 1. I t  is evident that in the case of the 
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TIME, MIN. 

FIG. 1 .  The rate of decomposition of whole and ground crystals of silver permanganate. 

whole crystals the reproducibility between runs is not as good as in the case 
of the ground crystals. The  most striking observation was that  after a short 
induction period the rate of decomposition of the ground crystals was linear, 
while the rate of decomposition of the whole crystals varied with time to  
produce a sigmoidal type of rate curve. This sigmoidal type of rate curve has 
been reported previously by other investigators (3, 10, 13) and indicates that  
more than one reaction rate may be involved in the decomposition. Attempts 
to fit experimental da ta  to equations derived by Prout and Tompkins (9) in 
their studies of the decomposition of silver permanganate were unsatisfactory. 
From the observations of the effect of crystal size, i t  is unlikely that  kinetic 
equations can be derived without considering the rate of reaction as a function 
of the initial particle size of the crystals. However, i t  appears that  when the 
particle size reaches a certain minimum size a linear first order equation will 
fit the decomposition curve after allowance is made for a short induction 
period. This equation however has little significance in regard to  the mech- 
anism. 

The  decomposition rate curves obtained by  following the loss in weight of 
the crystals were similar in shape to  those obtained by measuring the increase 
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of pressure of the enclosed system and are therefore omitted. The  average loss 
of oxygen of 9.00y0 was calculated from the loss in weight rather than the final 
pressure measurement, as the value obtained by the pressure measurement 
was not reliable, because of variation in temperature of the apparatus. The  
results for the five runs are given in Table I. There was no significant difference 
in loss of weight between the ground and whole crystals and the agreement 
between runs was good, except for run 3. 

Analysis of Decomposition Products 

Chemical analyses were conducted on runs 3 and 4. Following the scheme of 
analysis devised, no water soluble fraction was obtained in an>- of the runs, as 
shown by negative tests for silver ion and manganese. Therefore, no silver 
permanganate was present in the heat treated sample. I t  was also evident 
from the fact that  no X-ray powder diffraction patterns were obtained on 
X-ray analysis that the original silver permanganate crystals had undergone 
complete thermal decomposition. 

The  ammo~lium hydroxide soluble fraction corresponding to 14.8yo of the 
solid decomposition products was analyzed for silver. The average silver content 
was 93.6%. From this analysis i t  is evident tha t  the product-was Ag20 and 
not Agz02 or Ago.  The  ammonium hydroxide insoluble fraction contained 
38.0 silver and 41.97, manganese dioxide. The silver could have been in the 
form of elemental silver or in the form of silver permanganite, AgMnOa, while 
the manganese could have been in the form of manganese dioxide, Mn02 ,  or 
in the form of silver permanganite, AgMnOs. The  reason for not being able 
chemically to identify the form in which the silver and manganese dioxide 
occurred is that  the silver permanganite decomposed in the presence of 
h~~clrochloric acid. The  results of the chemical analyses are given in Table 11. 

TABLE I1 

---- 

Run No. 

Ammonium hydroxide 
soluble fraction 

Anirno~liurn hydroxide 
illsoluble fraction 

Ag MnO? Oxygen 
released 

% '36 % 

Average 14 .8  38.0 41.9 9.001 

*Averclge of two z~alzres. 
tAn~ernge of runs 2, 4, 5, 6. 

DISCUSSION 

A number of possible paths for the decomposition of silver permanganate 
may be written. These are given below with the percentage of the clecon~posi- 
tion products. 
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4AgR/In04--+ 2Ag20 + 4Mn02 + 302 
50.87'0 

[ I 1  
38.3% 10.9% 

5 7 . 1  42.9% as percentage of weighed 
decomposition products. 

AgMn04 -- + AgbI no3 + $02 [2 I 
92.9670 7.0470 

AgRiInO., ------+ AgMnOa + $02 [3aI 
92.96% 7.04% 

2AgMnOa + Ag2O + 2MnO2 + $02 [3bl 
54.9% 41.270 3.9% 
57.1% 42.9% as percentage of weighed 

deco~n~osition products. 
Ag ,O -- +2Ag + $0,  [3c1 

93.1% 6.9% 
AgbIn04 ----+ AgMnOa + $ 0 2  [4a 1 

92.96y0 7.0470 
AgMnO3 - + *g + MnO2 + +Oz [4bl 

51.2% 41.2% 7.6% 
55.5% 44.5y0 as percentage of weighed 

decomposition products. 
2AgMn04 --- + Ag20 + Mn203 + 202 [5] 

51.09% 34.8% 14.1% 
59.4% 40.6% as percentage of weighed 

decolnposition products. 

From the experimental evidence obtained a number of these equations can 
be ruled out. Equations [I],  [5], and [7] can be neglected as they would yield 
57.1, 59.4, and 51.09Y0 silver oxide, respectively, while only 14.8% can be 
found experimentally. As previously stated, the silver found in the ammonium 
hydroxide insoluble fraction may have been derived from free silver or from 
the combined silver in silver permanganite, AgMn03. If all the silver were 
free, equation [4] would not be in agreement with the experimental results as 
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a larger quantity of oxygen wo~ild be evolvecl, approximatel\. 4% riiore than 
can be accounted for experimentally (9.00Yo). Equation [4] may also be 
neglected as Ag20 was present in the anlmoniunl hydroxide fraction. Equation 
[2]  can be ruled out on the basis that the system only yields 7.04% oxygen and 
would not account for the 9.00% oxygen plus the silver oxide found. 

The  mechanism represented by equations [8a and b] may also be ruled out. 
Calculating the percentage that part b of equation [8]  goes to completion based 
on the percentage Ag20 found in the decomposition products, one finds that 
the equation would have to  go to 26.9% of completion and this woulcl produce 
2.47% oxygen. Thus the total an~oun t  of oxygen evolved by the mechanism 
would be 9.5170, which is in excess of the 9.0Yo found experimentally. 

Considering the mechanism represented by equations [6a and b] one can 
calculate, based on Ag10 found experimentally, that equation [Gb] would have 
to go to 27.2Yo of completion and this would give 2.1770 oxygen. Therefore 
9.21Yo oxygen would be evolved by the inechanism represented in equations 
[Ga and b]. This is in slight excess of the 9.0% found experimentally; however 
the correct value could be obtained i f  only 13.6Yo AgzO had been found instead 
of the average 14.8Yo. The possibility of 13.6Yo.Ag~0 occurring is good, as 
values obtained in different runs varied from 12.6y0 to lG.OYo. 

Therefore the mechanism proposed in equations [Ga and b] cannot be ruled 
out on the basis of the oxggen and AgzO found and stoichiometric considerations. 

Thus the possibility of the oxide of manganese Mn203  as a decomposition 
product has not been ruled out. 

In postulating the existence of Mn203 as  one of the decomposition products 
the problem of the mechanism of two manganese atoms becoming bonded 
must be approached. This may be best discussed by first studying the crystal 
and structure and lattice constants for AgMn04. 

The crystal structure of silver permanganate has been studied by Sasvari 
(11) and the coordinates are given in Wyckoff (12,  p. 25) for ltko and kol 
projections. 

The manganese and four oxygen atoms are arranged in a distorted tetra- 
hedron and have M n - 4  separation varying from 1.40 to 1.80 A. Each silver 
atom has two oxygen ~ieighboi-s calculated a t  approximately 2.21 A and four 
more a t  distances between 2.58 to 2.72 A. The shorter Ag-0 bonds link the 
NIn tetrahedron in chains along the b axis and parallel to the b, c axis. The 
longer Ag-0 bonds form the cross links between the chains of the Mn tetra- 
hedron. I t  is evident from this structure that there is little bonding between 
the manganese atoms. 

I t  is also evident from the study of bond length that two oxygen atoms are 
more closely bonded to the manganese atom than the remaining oxygen 
atoms. The fact that  there is little manganese to  manganese bondirlg in the 
crystal lattice and that two oxygen atoms are bonded significantly more 
closely to the manganese atolns suggests very strongly that MnOz would be 
one of the decomposition prod~icts rather than Mn20a.  

If Mn20s  were one of the decomposition products then a mechanism must 
be postulated for the formation of the manganese to manganese bond. At the 
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temperature condition of the experiments it is difficult to see how hIn20a 
could be formed from Mn02. 

Therefore it appears most likely that the mechanism proposed in equations 
[Gal and [Gb] can be ruled out as it is unlikely that Mn203 is one of the decom- 
position products. 

From the analyses of the decomposition proclucts, it was evident that silver 
oxide, AgzO, is present. Considering equation [ 3 ] ,  MnO? must then be present 
in the decomposition product. Thus it was assunled that the ~Iecomposition 
products were silver oxide, manganese dioxide, oxygen, silver per~nanganite, 
and possibly elemental silver. Considering equation [3] ,  7.047; oxygen is 
released by part [a]  and 1.05% by part [b] providing equation [3b] 
goes to (14.8/54.9 X 100) or 27% completion. Thus parts [a] and [b] of 
equation [3]  account for only about 8.1yo of the oxygen released. The remain- 
ing amount of oxygen (0.9y0) may be accounted for by part [c] of equation 
[3] .  On the basis of the calculation of the percentage of oxygen and AgrO 
found experimentally, the following mechanism may be proposed: 

AgMnOl ---+ AgMnOa + 302, Pal 
2AgMnO3 -2AgO + 2Mn02 + +(I2, [3bI 

2Ag0 ------t AgtO + 402,  [9] 
Ag20 + 2Ag + $02. (101 

Equation [3a] goes to completion and equation [3b] goes to approxin~ately 
37.5y0 completion, the Ag20 and O2 being formed by the deco~nposition of 
Ago according to equation [9] .  Equation [ l o ]  indicates that the deco~nposition 
of Ag2O goes to approximately 6.670 of completion. Further supporting evi- 
dence for the mechanism may be obtained from the analysis of silver and 
manganese in the ammonium hydroxide insoluble fraction. 

Assuming the reaction mechanism to be that described above by equations 
[3a],  [3b], [9] ,  and [ lo] ,  then the manganese dioxide found by analysis was 
derived from the thermal decomposition as represented in equation [3b] and 
from decomposition by the hydrochloric acid used in analyzing for silver 
permanganite. The experimental average value of 41.9% hInO2, found by 
analysis, is in agreement with the calculated value of 41.8% MnOz. The silver 
found in the amnloniunl hydroxide insoluble fraction was derived from 
silver permanganite and elemental silver. The value of 38.0y0 silver found 
experi~l~entally is also in agreement with the calculated value of 38.0y0. 

The over-all agreement of experimental values with those calculated on the 
basis of the mechanisnl outlined above is good and it  therefore appears that 
the proposed mechanism may be correct. 

If the proposed mechanism is correct, then the amount of oxygen evolved in 
thermal decomposition will depend greatly on the temperature, as i t  is most 
likely that the rate and amount of completion of equations [3b] and [ lo]  are 
temperature dependent. Equation [ lo]  has been shown to be temperature 
dependent by previous workers ( 8 )  studying the thermal decomposition of 
silver oxide. 

From the results of the over-all amount of oxygen evolved fro111 the ground 
and whole crystals, i t  is evident that the decomposition rates are not the same 
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for whole and ground crystals. A number of theories have been discussed jn the  
literature concerning the  path  of the decomposition. i\iIolecular chain theories 
involving degenerate branching have been proved improbable, a s  well a s  
processes based on photochemical reduction. A mechanism based on differences 
in geometric forms and dinlensions of the decomposition products is at tractive;  
a s  M n 0 2  is a centered tetragon cell and silver permanganate is monoclinic in a 
unit cell of four molecules. T h u s  one could propose, a s  has been done by  Prout  
and Tompkins (9), t h a t  the surface array of deco~nposition procluct n~olecules 
produces lateral strain. However, it is difficult to  reason tha t  the decomposition 
can produce lateral strain as the  decomposition products d o  not have a n y  rigid 
geometric crystal form. This  is evident from their amorphous nature a s  indi- 
cated b y  the  absence of X-ray diffraction patterns. 

In  recent years studies of crystal structure have shown tha t  there are many  
. 

imperfections ant1 vacant sites inside of crystal lattices. If one assumes t h a t  
these imperfections and vacant sites may  act  a s  nuclei for the  initiation of 
deconlposition, then the  molecules of oxygen released inside the crystals would 
be trapped until such time a s  decomposition from outer surfaces of the  crystals 
weakened the  inner lattice structure. This would allow the trapped gas from 
the  inside t o  escape. Therefore, during a thermal decon~position of a crystal, 
initially the  oxygen would be slowly liberated because of the decomposition 
of the  outer surfaces. When a portion of the  outer surface has been decomposed 
t o  such an extent a s  t o  expose inner unit cells already therinally decomposed, 
the  accumulated oxygen will be liberated and  thus  the over-all ra te  will 
increase. In  t h e  case of s ~ n a l l  crystals (ground silver permanganate) there is 
less chance for oxygen t o  be trapped in the  inner cells a s  decomposition from 
the  outer surfaces immediately weakens t h e  inner cellular units, and thus  a 
uniform ra te  of release of oxygen is established. 
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THE PHOTOINITIATED ADDITION OF BUTYL MERCAPTAN TO 
CONJUGATED AND UNCONJUGATED DOUBLE BONDS! 

BY R. BACK,' G. TRICK,". NICDONALD,' AND C .  SIVERTZ" 

ABSTRACT 

This study elucidates the details of a typical initiation encountered in 
polymerization. A kinetic mechanism for the photoinitiated addition of normal 
butyl mercaptan to single and conjugated double bonds is proposed, and the 
corresponding velocity constants namely the attack k , ,  the transfer k C t ,  and the 
termination k L  have been measured employing a sector method. For the concen- 
trations employed in this work the  over-all rate of addition to the double bond is 
determined by the transfer rateof the composite mercapto monomer radical, while 
the capture of initiating radicals depends on the rate of attack of the mercaptyl 
radicals on the double bonds. The transfer rate is about 1000 times faster for a 
pentenyl than for a conjugated styryl radical, while the attack step is estimated 
t o  be several hundred times faster for the conjugated monomer. These conclusions 
are shown to be consistent with results observed when conjugated and unconju- 
gated monomers are in competition, and are in agreement with the quantum 
mechanical structure of the radicals and molecules involved. This work reports a 
general survey of the field, and subsequent papers will extend the observations. 

INTRODUCTION 

GR-S synthetic rubber is a copolymer of styrene and butadiene, produced 
by a free radical, emulsio~l polymerization. The butadiene may add to the 
growing polyradical in one of two ways (10): 1,2 addition results i11 a residual 
"side vinyl" double bond on the polymer chain, while 1,4 addition may result 
in either a n  'internal' or 'crotyl' residual double bond. 

c 
Vinyl . Internal Crotyl 

I t  is generally agreed that  the reactions of these residual functional groups 
in the polymerization system lead to undesirable variations froin a simple 
linear polymer. 

These residual double bonds undergo two general types of reaction. These 
are addition, in which a free radical adds to the double bond, and dehydrogena- 
tion, in which a free radical abstracts a hydrogen atom from a carboil atom 
adjacent to  the double bond. Addition results in both branching and cross 
linking between polymer chains, while dehydrogenation leads mainly to 
branching. This investigation concerns the addition reaction only. 

Since a direct study of the polymer itself is impractical, because of low 
solubility, doubtful structure, low concentration of functional groups, and 

'Manziscripl received J u l y  12, 1.954. 
Contribz~tion from Lhe Deparl~net~t  of Chenzislry, University of bvestrrn Onlario, London, Onl. 
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3Graduale student 1850. Present address-S7rfield Erpzrimc?ztul Station, Ralsto7i, Alta. 
'Gradttate slz~dent 1.950. Presenl address-Illinois Instilule of Technology, Chicago, Ill. 
6Associate Professor of Chetnistry, University of T.Vcslcrn Ontario, London, On/. 
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BACK E T  AL.: PHOTOliVlTIl lTED ADDITION 1079 

other experimental difficulties, a "model nlolecule" technique was employed. 
I t  has been shown (18) that vinyl double bonds are about 50 times more 
reactive than crotyl or internal double bonds, and hence are of primary 
interest in a study of the cross-linking problem. 1-Pentene was chosen as a 
model for the vinyl double bond. Admittedly, the behavior of a side vinyl 
double bond in a large polymer molecule will be considerablr different from 
that of 1-pentene; however, its reactivity should be of the same order of 
magnitude, and the general features of the reaction similar in the two cases. 

TIlEORETICAL 

Since the cross-linking process goes on in the polymerization system which 
contains unreacted monomer, the addition of radicals to residual double 
bonds must compete with the ilormal propagation reaction. Hence it is the 
relative reactivity of the vinyl double bonds compared to  that of the monomer 
which is of importance. In the present investigation the common attacking 
radical for this comparison is the mercaptyl radical. The free radical addition 
of mercaptan to olefins is known to take place through a chain mechanism of 
the following type (16). 

Initiation k(I) RS (1) 

Attack RS+M , ku A (2) 

followed by 
k Chain transfer A+RSH 2 AH+RS (3) 

the kinetic chain is broken bv 
2k1, Termination RS+RS - RSSR 
2k1, A+A , Az 

A+RS kr,, ASR 

where M is R1-CH=CHz 
A is R'-CH-CH~-S-R radical 

Steps (2) and (3) are the chain-propagating ones, and, as will be shown 
later, kinetic chain lengths may be quite large, of the order of lo3 or higher, 
permitting a simple kinetic treatment of the system, as initiation and termina- 
tion.reactions become negligible in the stoichiometric relationship. 

A reaction competing with step (3) is, of course, propagation, 

where A, is the dimerie radical. By the use of equilnolar concentrations 
of mercaptan and monomer, propagation was minimized. 

The free radical addition of n-butyl mercaptan to 1-pentene [model for 
vinyl double bond], also to styrene, and to isoprene was studied. Isoprene 
was used instead of the more volatile butadiene which is the other comonomer 
used in GR-S. 

Reactions were carried out in benzene solution, using photochemical 
initiation either by direct photolysis of the inercaptan or by the use of 2,2 
azo-bis-isobutyronitrile as a photoinitiator. Reaction rates were determined 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1080 CAN.4DIAN JOURXAL OF C H E M I S T R Y .  1.0L. j 2  

dilatometrically, and absolute rate constants were evaluated using the rotating 
sector method of intermittent illumination. 

The sector method can be used to measure the concentration of an active 
species in any reaction system which can be initiated pl~otochemicall~ and 
where disappearance of the active species is second order. The theory of the 
sector method has been adequately described else\vhere (12 ,  13) and will be 
only briefly outlined here. 

Consider a system containing any active radical species A. Then, assuming 
disappearance of A by mutual termination only, 
[ I ]  d ( k ) / d t  = k (1 )  -2kL(k)? 
where k (1 )  is the rate of photochemical initiation and kt is the rate constant 
ior the mutual termination of two A radicals. 

Under steady state conditions, with co~ltinuous illuminations, 
PI d ( A ) d t  = 0,  and (A,) = d k ( I ) / 2 k t .  

When the light is shut off ( k ( 1 )  = 0 )  the radical A dies off with a half 
life 

PI x = l / k t ( A s ) .  
If k (1 )  and X are measurable, Equations [2] and [3] above can be solved, 

k L  and (A )  being thus evaluated. 
If A is the active species in a chain process, so that  the over-all rate is 

dependent on (A), the rate constant for the process can be determined. 
To  evaluate A, reaction rates are measured using intermittent illumination 

over a range of values of t ,  the duration of the light flash. I t  can be shown 
that 

where B = 
2(pm+tanh m )  

R = rate with intermittent illun~ination, 
R ,  = rate with steady illumination, 

duration of dark period , 
= duration of light flash 

m = t/X. 
By plotting ( R / R , ) d ( p + l )  against log m, an S-shaped theoretical curve is 

obtained, asymptotic to unity for small m values, and to l / d ( p + l )  for large 
m values. 

Experimentally, ( R / R , ) d ( p + l )  values are plotted against log t ,  and 
the theoretical curve is superinlposed to give the best fit. At the value of 
log m = 0,  m = 1  and t  = A. Thus log m = 0 on the theoretical curve will 
coincide with log t = log X on the experimental plot, and X can be evaluated 
by comparison of the abscissa scales. Assuming the principal termination to 
be k t2  and that the transfer step is rate determining, a steady state ailalysis 
of the basic equations presented above yields 

- d M / d t  = - d R S H / d t  = k c L  R S H  w ,  
-- 

where w = 4 k ( I ) / 2 k t .  Consequently the reaction should be first order. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BACK ET AL.: PHOTOINITIIITED ADDITION 1081 

next paper makes a detailed analysis of how the rate determining step depends 
on concentration and in what way the two radicals involved take part in the 
termination. 

EXPERIMENTAL 
&faterials 

Phillips Research-grade 1-pentene was used without further purification. 
Styrene and isoprene were obtained from Polymer Corporation, Sarnia, and 
distilled through a short column to remove the inhibitor. n-Butyl mercaptan 
was obtained from Eastman Kodak and a t  first purified by distillation through 
a 100 cm. glass helices column. More often this reagent was prepared by 
precipitation as the lead salt followed by recovery of the mercaptan and sub- 
s e q ~ ~ e n t  distillation. Merck Reagent grade Thiophene-free benzene was used 
without further purification. AIN (2,2, azo-bis-isobutyronitrile) was prepared 
by the method of Overberger (15). 

Irradiation Apparatus 

All reactions were carried out in a cylindrical quartz dilatometer cell about 
3 cm. in diameter and 2 cm. across, mounted in a water bath thermostat 
controlled to 0.02"C. The cell was irradiated through a quartz window. 

Two light sources were used. The first was a General Electric medium pres- 
sure mercury UA-2B quartz Uviarc, powered by a General Electric 58-G-280 
autotransformer, and operated on 110 v. a-c. Corning filters 9863 and 5850 
were used in conjunction with this source. The light was not collimated. 
The other light source was a General Electric Photospot tungsten filament 
lamp, operated on 110 v. a-c. A 1-liter round-bottomed flask, filled with run- 
ning water, was used to focus the light beam and to absorb some of the heat 
that was radiated. 

The rotating sector was mounted close to the reaction vessel, to give a 
sharp transition from light to dark in the system. The sector was driven by a 
constant speed electric motor with a suitable set of gears and pulleys. Low 
speeds were measured by a mechanical counter mounted on the sector shaft, 
while a calibrated stroboscope was used a t  higher speeds. In the styrene 
system, a sector giving equal periods of light and dark (p = 1) was used. 
A sector having p = 3 was used in the other systems. 

METHODS 

In this preliminary study of reactions involving conjugated and unconjugated 
olefins with mercaptans a choice was made between: 

(I) measuring a few constants with high precision by en~ploying the usual 
technique of degassing under high vacuum with alternate freezing and melting 
or 

(11) sacrificing some precision and surveying a n~uch larger field of reactions 
by employing more rapid methods. Consequently observations of rates were 
made on solutions in which reagents (a) had not been degassed, (b) were 
degassed in reservoir flasks and then added by open'transfer, (c) were degassed 
under high vacuum with alternate freezing and melting. 
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In the series of monomers studied such unconjugated monomers as I-pen- 
tene showed maximum over-all rates in a typical observatioil of (a)  0.69, 
(b) 0.95, ( 6 )  1.1 in dilotometer units of cm. min.-' with "inhibition" periods 
varying from six to one minute. I t  was found particularly difficult to reduce 
the induction period for fast reacting monolefins to zero. Rates of conjugated 
monomers and inonomers such as cyclohexene, which are relatively slow in 
transferring compared to a peroxide radical, were found to be unaffected by 
the oxygen present when mercaptan is the transfer agent. A quantitative 
discussion of this point will be presented in a subsequent paper in the series. 
Fig. 1 shows some typical rates and brings out the very great difference in 
behavior between conjugated and unconjugated structures. 

WAVELENGTH (A) 
FIG. 1. Ultraviolet absorption spectra. 

In summary the rate constants for conjugated and slow transferring olefins 
are without error owing to small amounts of oxygen, and those for monolefins 
are considered to be well within the precision desired for a survey of this 
family of reactions. Work is now under way to redetermine the constants for 
1-pentene by exhaustive deaeration but such changes, while providing a better 
order of magilitude, will not affect the general conclusions arrived a t  in this 
paper. 

Contraction of the reaction mixture during the reaction was followed by 
the observation of the meniscus in the dilatometer capillary with a catheto- 
meter. Contraction was related to mercaptan disappearance for each monomer 
by the anlperometric titration of residual mercaptan with silver nitrate by 
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the method of Kolthoff and Harris (9). In this way, any contraction due to  a 
propagation reaction will not affect the rate measurements. 

Reaction rates were evaluated from the slope of contraction vs. time curves. 
With the styrene and isoprene systems, curves obtained wcre almost linear 
a t  the low conversions attained, and slopes wcre taken a t  zero time (Fig. 2 ) .  

I-PENTENE - RSH , AIN INITIATION 

ISOPRENE - RSH , AIN INITIATION 

STYRENE - RSH, RSH INITIATION 

, ! I t , , , ,  

0 10 20 3 0  4 0  50 60 

TIME (MINUTES) 

EIG. 2. Typical reaction curves. 

In  the 1-pentene system a slight S-curve showing a definite induction period 
was observed (Fig. '2) .  Maximum slopes were measured a t  the point of inflec- 
tioil, and concentrations were corrected to the value a t  this point in calculating 
the rate constants. 

Two methods of photoinitiation were used. When the Uviarc source with 
Corning filter 9863 was enlployed and AIN omitted from the reaction system, 
initiation was by direct photolysis of the mercaptan (8). 

RSH+AV -----r RS+H 
The hydrogen atom may react with mercaptan, forming H? and RS, or  it 
may add to a double bond itself. Either way, two reaction chains are initiated 
by each lnercaptan molec~lle photolyzed. Photoactivation of 1-pentene is 
prevented by the sharp cutoff of filter 9863: with styrene and isoprene, some 
activation may occur, but  it will be only a small fraction of the total initiation 
(Fig. 1). . 

If Corning filters 9863 and 5850 are used and AIN  is added to the system, 
initiation will be by AIN photolysis only, a s  the 5850 filter cuts off all radiation 
below 3100 A ,  thus preventing activation of either the monomer or the mer- 
captan (Fig. 1). 
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The rate of initiation k(1) was evalualecl by two general methods. TIle 
photolysis of AIN has been studied previously in this laboratory and has 
been related to the absolute light intensity (2). Thus, by the use of light of the 
same spectral energy distribution (quartz Uviarc and Corning filters 9863 
and 5850), the rate of AIN photolysis was evaluated simply by the measure- 
ment of the light intensity by uranyl oxalate actinometry. The  rate of 
initiation was assumed to be twice the rate of AIN photolysis. The validity 
of this assu~nption in polymerization systems has been questioned (4, 20) al- 
though recent work b y  Overberger (14) seems t o  justify it. Certainly in the 
system used here, with I-elatively high mercaptan concentrations and long 
kinetic chain lengths, mutual termination by isobutyronitrile radicals should 
be negligible. 

In systems using initiation by mercaptan photolysis, or AIN photolysis 
with the G.E. Photospot light source, rates of initiation could not be obtained 
directly. From Equation [2], it is seen tha t  the radical concentration (A) and 
hence the reaction rate varies directly as the square root of k(1). When this 
relationship is used, an  unknown k(1) can be evaluated by a comparison 
of known and unknown rates of initiation. Either AIN photoinitiation under 
standard irradiation conditions, or AIN thermal initiation, which hasbeen 
accurately measured by several workers (11, 15), was used to give a known 
rate of initiation. 

P 
In all cases, absorption across the cell was less than 20%, assuring homo- 

geneous initiation. A determination of k(1) by the inhibitor method, often 
used in rotating sector measurements, was attempted, but no inhibitor could 
be found to  give the sharp inhibition necessary. This can be explained by the  
inability of the ordinary free radical inhibitors to  compete successfully with 
the extremely reactive ~nercaptan. This suggests the use of such ~nercaptan 
addition reactions to  measure the efficiency of inhibitors. Work on this aspect 
of these reactions is under way. 

Reaction rates with intermittent illumination were measured in the following 
systems a t  25'C., and A ,  the half life of the active species, was evaluated. 

(1) Isoprene-n-butyl Jfercaptan 
0.040 M. isoprene, 0.037 M. mercaptan, 2.47 X M. AIN. 
Irradiation by Uviarc with Corning filters 9863 and 5850. 
Initiation by AIN photolysis, with direct determination of k(1) from light 

intensity measurement. 

(2) Styrene-n-butyl Mercaptan 
0.045 M. styrenc, 0.045 M. mercaptan. 
Irradiation by Uviarc with Corning filter 9863. 
Initiation b y  mercaptan photolysis. k(1) was determined by rate comparison 

with a n  AIN thermally initiated system. 

(3) I-Pentene-n-butyl lllercaptan 
0.0184 R/I. 1-pentene, 0.0185 M.  mercaptan, 2.29 X M. AIN. 
Irradiation by G.E. Photospot, filtered through pj7rex. 
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Initiation by AIN photolysis, with determination of k(1) by rate co~nparison 
with system using standard AIN photolysis \vith Uviarc and Corning filters 
9863 and 5850. 

Experiments were also made in the 1-pentene-n-butyl mercaptan system 
with small quantities of styrene and isoprene added, using direct mercaptan 
photoinitiation. 

Reaction rates in the 1-pentene-n-butyl mercaptan system and the styrene- 
n-butyl mercaptan system were measured over a range of temperature, and 
activation energies were evaluated. 

RESULTS 

Experimental data are tabulated in Table I. Typical reaction curves are 
shoxvn in Figs. 2 and 3. 

TABLE I 
DATA FOR RATE CONSTANT DETERMINATION T. = 2SoC. 

System Monomer, (RSII), Rate, k (11, A, 
M. liter-' M. iiter-I .M. liter-' set.-' $1. liter-' sec.-I seconds 

(1) Isoprene- 3.40 3.16 1 . 1 8 X 1 0 - 5  4 . 5 X 1 0 - '  0.089 
mercaptan 

(2) Styrene- 3.83 3.83 9 . 7 9 ~ 1 0 - ~  1 . 0 ~ 1 0 - '  0.1 
mercaptan 

TIME (MIN.) 
FIG. 3. Typical reaction curves. 
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Both styrene and isoprene reaction systems gave a reproducible curve 
which yielded a straight line with a first order plot. No measurable induction 
period was noted. Degassing had little or no effect on reaction rates or the 
shape of the curve. 

The 1-pentene-mercaptan system, on the other hand, gave an S-shaped 
reaction curve with a definite inhibition period of about three minutes, 
followed by a sharp increase, and levelled off again after the depletion of the 
reagents. The over-all rate was strikingly rapid compared to that of the styrene 
and isoprene systems. I t  was suspected that  oxygen was causing the observed 
inhibition: this was confirmed by subsequent degassing of the system. The 
inhibition period was reduced, but never completely eliminated, by repeated 
degassing. The reaction rate, taken as the slope a t  the .point of inflection, 
was increased in the degassed system as pointed out above. However, it was 
found difficult to degas the system reproducibly (5). 

The speed of the pentene reaction was somewhat unexpected froin general 
concepts of double bond reactivities. The conjugated double bond of styrene 
has been reported as 50 times as reactive as the vinyl double bond (18). 

The effect of small quantities of styrene or isoprene in the pentene-mercap- 
tan system offers an explanation of this apparant anomaly. The series of curves 
in Fig. 3 illustrates the effect of styrene: similar curves were obtained with 
isoprene. I t  is seen that styrene acts as an inhibitor in the pentene-~nercaptan 
system, suppressing the pentene reaction rather effectively until the styrene is 
expended. The relatively small concentrations of styrene involved should be 
noted. Thus, although the over-all rate of the pentene reaction is a t  least 
twenty times that of styrene, the latter apparently reacts preferentially in a 
pentene-styrene-mercaptan system. 

Recalling that the reaction chain is perpetuated by two alternating con- 
secutive steps, the attack of the mercaptyl radical on the double bond, followed 
by the transfer of the resultant radical with mercaptan, this retardation may 
be readily explained. With styrene, the con~petitive attack step must be much 
faster than with pentene, in order to produce the sharp inhibition which was 
observed. To  account for the slower over-all rate of the styrene reaction, it 
must be concluded that the transfer step is rate controlling, and is much' 
slower than in the pentene system. This explanation is in accordance with 
accepted principles of free-radical reactivity (22). The conjugated double bond 
of styrene or isoprene is much more susceptible to radical attack than is the 
isolated, unconjugated, 1-pentene double bond. The resultant radical, however, 
will be resonance stabilized, and will react relatively slowly with mercaptan. 
The pentyl-mercaptyl radical, on the other hand, has no resonance stabiliza- 
tion, and will react rapidly. The calculated rate constants for the three sys- 
tems support this theory. A kinetic analysis of the competitive reaction 
between styrene and 1-pentene and a report on the various constants.i~~volved 
is in course of publication (7). 

The values of X shown in Table I for the isoprene and styrene systems are 
of the order of 0.1 sec., while that for the pentene system is more than a 
hundred times smaller. 
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I<istiakowsky (6) has shown that an a-c. light source can be used in sector 
measureillents within the range X > l/f where f is the frequency of the source 
variation. Using a 60 cycle a-c. source, with f = 120, both the styrene and the 
isoprene half lives fall well within this range. The pentene system does not 
fulfill this criterion. Successful measurements were finally made using a 
nonflicker tungsten filament source, as previously described. 

Calculation of Rate Constants 

In the proposed reaction mechanism, steps [2] and [3] are chain propagating, 
and either, or both, may be rate controlling. 

In the isoprene and styrene systems, there is good evidence that the transfer 
step is rate controlling (Fig. 3) :  the reaction rate will be given by 

This predicts a reaction rate first order in (RSH) and independent of (M) 
a t  the concentrations used. Reactions were carried out over a range of (M) 
and (RSH) values, and this was found to be true. A slow linear increase with 
increasing (M) a t  high monomer concentrations was attributed to propagation. 

I t  also follows that (A) >> (RS), hence the radical concentration as deter- 
mined by the sector method will be approximately that of the A radical. 
Chain termination will be almost entirely by A radicals, and the kl value found 
will be that of the A radical, that is the stabilized composite styryl radical. 

The picture is not quite so clear in the 1-pentene system. In this case, no 
definite conclusions may be drawn from the inhibition phenomena (Fig. 3) 
as to which step is rate controlling. Reaction rates were measured over a 
series of concentrations, and first order dependence on (RSH) was found, but 
the rate was also partially dependent on (M), approaching independence a t  
higher concentrations. I t  appears evident that the transfer step is again the 
slower one, but is considerably faster than in the styrene and isoprene systems, 
and is approaching a velocity of the same order as that of the attack step. 
This is expected, as the pentene A radical, having no resonance stabilization, 
will be much more reactive; also, the attack on the unconjugated double bond 
will be considerably slower. 

The reaction rate in the 1-pentene reaction is still given by 

Also (A) > (RS) but it is now questionable to assume that (A) is given by 
the sector method, which measures the total concentration of radicals in the 
system: i.e., (A)+(RS). 

If k, = 10 X kc,, as appears likely, then (A) + 10 X (RS), and the true 
value of (A) will be about 90 % of that given by the sector determination. 

The sector method will also yield a weighted mean value of kl. The error 
involved here will be small, as the kl values for the k and RS radicals are 
probably of the same order of nlagnitude. 
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In the following calculations, (A) in the pentene systein is assumed to be 
equal to that given by the sector determination. This approximation is pro- 
bably valid considering the accuracy of the over-all treatment. 

Knowing (RSH), -d(RSH)/dt, k(I), and A ,  (Table I) the rate constants of 
the system can be evaluated as below. 

From Equations [2] and [3], 
A = k(I)A 

then kcL = [ - ~ ( R s H ) / ~ ~ ] / [ ( A )  (RSH)] and kt = k(I)/2(A)'. 
The kinetic chain length of the reaction, v k ,  has the value 

~k = [-d(RSH)/dt]/k(I). 
The calculated values for the three systems are given in Table 11. I t  should 
be noted that only kct and kt are rate constants: vx- and (A) are parameters of 
the system dependent on k ( 1 )  and (RSH). Using lower rates of initiation, 
kinetic chain lengths of over lo4 were observed in the 1-pentene system. The 
values of v k  given in Table I1 are not comparable, as different values of k(1) 
and (RSH) were used in different systems. 

TABLE I1 
CALCULATED RATE CONSTANTS T. = 25'C. 

System (A),  kc^, kr, Chain length, 
M. liter-' liters M.-I seconds-' ut 

(1) Isoprene- 4.0 X 93 1 . 4  X lo8 26 
mercaptan 

(2) Styrene- 1 .O X lo-8 2 . 6  x lo3 5 X lo6 980 
mercaptan 

(3) 1-Pentene- 9 . G  X 10-lo 2 . 5  X lo6 G X 10" 1600 
mercaptan 

~ct ivat ion Energy 

Activation energies of 6.2 and 2.4 kcal. were found for the styrene and 
1-pentene systems respectively over temperature ranges 25" to 70" for the 
former and 15" to 30" for the latter. These should correspond to the energies 
of activation for the transfer steps less half those of the termination steps. 
Since Bamford and Dewar, (3) find the activation energy of ternlination for 
macro styryl radical to be 2.8 kcal. and a corresponding kt of 2.8 X lo6 a t  
25°C. we may safely conclude that the activation energy for the Inore reactive 
mercapto styryl radicals (with a kt of 5 X lo8 (Table 11)) is only a few hundred 
calories and considerably less for the mercapto pentenyl. Consequently we 
find kct (styryl) = '7.9 X lo7 exp(-G.2/RT): k,l(pentene) = 2 X lo8 
exp ( -2.4/RT). 

DISCUSSION 

These results illustrate strikingly the difference in behavior of conjugated 
and unconjugated double bonds in a free radical system, and the dependence 
of free-radical reactivity on structure. 
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( I )  The magnitude of the attack constant k ,  of .R.< radical on a conjugated 
structure can be estimated from the "inhibition" by styrene shown in Fig. 3. 
In the pentene system k ,  is sonlewhat greater than 2 X lo6, yet the reaction 
is effectively suppressed by a styrene concentration of the order of 1% of 
the pentene. Hence a conservative estimate would give k ,  (styrene) 1 X lo3  
1.M.-l sec-l. This may be compared with the propagation constant for macro 
styryl radical on styrene of 18.7 a t  25°C. (3) or approximately lo7 times faster! 
The magnitude of k ,  for RS on a conjugated systern permits only a very small 
activation energy for this process. Indeed this rate is quite comparable with 
with certain radical combination rates. The principal conclusion here is that a 
very much larger rate is achieved when the attack results in .the disappearance 
of a localized electron on RS and the fornlation of the relatively clelocalized 
mercapto styryl electron. 

(2) The termination constants found a t  25OC. also reflect the difference in 
delocalization energy (used synonomously with resonance stabilization) of the 
mercapto styryl radical, kt = 5 X lo8, and the corresponding penteilyl, 
k t  = 6 X lo1', or a ratio of about 1000. In turn the former may be compared 
with the termination constant for macro styryl radical 2.8 X l oG  (3). 

(3) The dehydrogenation of mercaptan by these radicals also is consistent 
with their structure. Here again the ratio of k,t pentenyl to styryl is 2.5 X lo6/ 
2.6 X lo3 or about 1000. Again it is interesting to compare the kCt  of 365 a t  
30°C. for macro styryl, measurements of which have been made here (19, I ) ,  
with the value of 2.6 X lo3 for mercapto styryl. This presents unique confirma- 
tion of the inference drawn from entirely independent evidence reported from 
this laboratory (10) that the addition of butyl mercaptan to butadiene pro- 
duced the 1,4 addition product only: the resonance accounting for the 1,2 
product being largely suppressed and hence leading to less electron delocaliza- 
tion. 

(4) The activation energies. From absolute rate theory the usual a.pproxirna- 
tion of partition functions for a radical-mercaptan reaction will lead us to 
concl~~de that the A values in the Arrhenius equation will be approximately 
the same ancl hence we should expect to find the difference in reactivity 
reflected entirely in the exponential. This is found to be the case and hence 
the difference in stabilization energy of the radicals is some multiple of the 
difference (6.2 -2.4) = 3.8 kcal. If we choose the fashionable value of about 4, 
the difference between pentenyl and styryl due to electron delocalization 
amounts to approximately 15 kcal., which is in good agreement with quantum 
mechanical estimates (17). 

(5) The vinyl double bonds are apparently capable of much more rapid re- 
action with such radicals as mercaptyl than was previously suspected. Indeed, 
it is only the inhibition of their reaction by the conjugated monomer present 
in the system which prevents rapid and extensive cross linking throughout 
the system. Subsequent papers will deal with these conclusions in a quantitative 
way. 

(6) The comfibications introduced into a GR-S polymer by cross linking are 
chiefly the result of a competitive reaction of the single double bonds in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1090 CAN.4DIAM .JOURN.AL OF C H E M I S T R Y .  T'OL. 32 

d e a d  polymers a n d  t he  conjugated monomer  for t h e  radicals t hus :  

I t  is t h e  ra t io  k , / k ,  w l ~ i c h  de te rmines  t h e  ex t en t  of cross linking. I n  th i s  s t u d y  
we have  concluded t h a t  when A, = RS th i s  ra t io  is of t h e  order  5 X 
We believe th i s  is close to t h e  va lue  for  k . / k ,  even  when t he  common a t t a ck ing  
radical is s tyry l .  

(7) T h e  role of oxygen in t h e  react ion can  b e  expla i~ led  as follows. Defini te  

inhibition b y  oxygen was  observed in t h e  pentene  sy s t em,  b u t  n o t  in t h e  
s t y r ene  or isoprene sys tems  (Fig. 2). Oxygen is known to react readi ly w i th  
mos t  free radicals, forming a peroxide radical. T h i s  undoubted ly  occurs  in all 

th ree  systenls:  in t h e  pentene  sys tem,  t h e  resul t ing peroxide radical is appa r -  
en t ly  more  s t ab l e  t h a n  t h e  pentene  A radical,  a n d  hence t h e  react ion is 
retarded.  I n  t h e  s tyrene  or Isoprene sys tems ,  t h e  peroxide radical is appa ren t l y  
of approximate ly  t h e  s a m e  o r  s l ight ly grea te r  react ivi ty t h a n  t h e  k radical ,  

hence its subs t i tu t ion  in t h e  kinet ic  cha in  does no t  affect t h e  react ion r a t e  
in a measurab le  way.  I n  o the r  words  we  conclude t h a t  oxygen p lays  t h e  same 
role in t h e  pentene  react ion as s ty r ene  does. 

T h e  oxygen in t h e  pentene  sys tem undoubted ly  lowers t h e  observed va lue  
of d(Ri I ) /d t :  this was  shown b y  the increased r a t e s  observed in the degassed 
systems. T h u s  t h e  t r ue  k C t  value for  pen tene  is  p robably  even higher  t h a n  the 
one  reported.  
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LIGHT-SCATTERING AND SEDIMENTATION STUDIES OF BOVINE 
SERUM ALBUMIN AT LOW pH1 

ABSTRACT 

Light-scattering measurenlents of bovine serum albumin made a t  pH 1.9 in 
0.1 M-0.45 M potassium chloride show that  the molecule is not dissociated, but 
has the same molecular weight as  in neutral solution. At pH 1.9 in the absence of 
salt aggregation occurs, the extent increasing with time. The sedimentation con- 
stant a t  pH 1.9 increases from 3.2s in 0.1 n/f potassium chloride to  3.6 in the 
0.5 salt, compared with 4.3 in neutral solution. These differences are ascribed 
to changes of molecular shape. 

INTRODUCTION 

The kinetic unit of a protein dissolved in aqueous salt solutions is probably 
an ordered entity, and not merely a randomly coiled polypeptide chain. As 
Pauling and collaborators (16, 19) .have pointed out, the stability of the 
structure inay be ascribed largely to the cumulative strength of the hydrogen 
bonds between the carbonyl groups of some peptide links and the amino 
groups of others, although certain covalent cross-links may also make a con- 
tribution to the rigidity. Conditions which promote the breaking of hydrogen 
bonds could cause changes of size or shape, or even dissociation. The hemo- 
globin molecule has been shown to dissociate in urea solution (4) and that of 
insulin a t  acid pH (18). 

Dissociation would be precluded for a protein molecule composed of a single 
polypeptide chain. End group determinations with bovine serum albumin 
have revealed a single a-amino terminal group per molecule (26,27), suggesting 
a single chain. Recent viscosity and optical rotation studies (32) have been 
taken to indicate an isotropic swelling of the albumin molecule a t  acid pH, 
but no dissociation. On the other hand, Weber (29, 30) originally interpreted 
his results on the polarization of fluorescence of labelled molecules as demon- 
strating dissociation under acid (or alkaline) conditions. T o  decide between 
these conflicting views, the weight average molecular weight of bovine serum 
albumin a t  acid pH was determined by light-scattering observations a t  various 
salt concentrations, supplementary information being obtained from sedimen- 
tation measurements. 

MATERIALS AND METHODS 

The bovine serum albumin was supplied by Armour and Co. (Lot R370. 
295B). The protein solutions were prepared by diluting aqueous solutions 
with the appropriate solvent, and dialyzing against several changes of solvent. 
Solvents were prepared by adding concentrated hydrochloric acid to salt 
solutions. The pH of both solvent and solution was checked in a Becknlan 

l~l!fanuscript received June  SO, 1964. 
Contribution from the Diuisiotz of Applied Biology, National Research Laboratories, Otlawa, 

Canada. fssued as N.R.C. No. 3418. 
2~Vational Research Council ~dstdoctorate Fellow, 1965-54. 
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model G pI-I meter. The protein concentrations were calculated from measure- 
ments of optical density (at  2800 A) in a Beclcman model D U  spectrophoto- 
meter, using the extinction coefficient 6.6/gm. aIbuniin/100 ml./cm. in water 
a t  neutral pH (6). 

A B.S. Light-Scattering Photometer, manufactured by the Phoenix Pre- 
cision Instrument Co., Philadelphia, was usecl. The  calibration of this type 
of photometer, to give reduced intensities in absolute units, has been reported 
by Brice et al.  (3). All light-scattering measurements were made a t  4370 A. 
The  refractive increment of the albunlin (dn/dc) was taken as  0.195 (lo),  
giving 27r2ni (dn/dc)?/NX4(=K) the value 6.2 X lo-'. Because of the low pH, 
glass Erlenmeyer or cylinrlrical cells had to be substituted for the usual 
cemented square ones. Calibration of the cells was carried out as described by  
Doty ancl Bunce (8). Details of the tech~liclue of preparing dust-free solutions 
and of successively diluting thein in the cell are to be found elsewhere (21). 

Sedimentation measurements were made using the Spinco ultracentrifuge, 
in the usual way ( 5 ) .  Protein conce~ltrations of O.lyo and 0.25y0 were used, a t  
potassium chloride strengths ranging from 0.1-1.0 M. Both normal (12 mm.) 
and long (30 mm.) cells were used, some having metal, ancl others plastic 
centerpieces. The niaxi~num rotor speeds which could be used with the normal 
and long cells were 59,780 and 50,740 r.p.m. respectively. The results did not 
appear to be influenced by  these variations. 

RESULTS 

The molecular weight found for bovine serum albumin in 0.1 A4 socli~~m 
chloride (pH 5.4), 77,000-79,000, is in good agreement with values found in 
other light-scattering studies (9, 10, 13). In  Fig. 1 is shown a plot of K c / R ~ ~  
against albumin concentl-ation in a solution a t  pH 2.9 free from added salt. 

I .ol 1 I I L I I I I I I I  I 
0 2 4 6 8 10 12 14 16 18 2 0  22  . 

C x lo4 (IN qm./rnl.) 

FIG. 1. 'I'he intensity of light scattered a t  90" fro111 a solution of bovine serum albunlin 
in water, a s  a function of protein concentration, p H  2.9. 
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Here Rgo is the reduced intensity of the light scattered a t  90' and c is the 
protein concentriltion in gm./ml. In accordance with the basic equatioll 
Kc/Rgo = l/A1+2 Bc (M = molecular weight, B = second virial coefficient), 
the intercept obtained by extrapolati~lg to c = 0 is the reciprocal of the mole- 
cular weight, while the limiting slope is twice the second virial coefficient. The 
rnolec~~lar weight given by the intercept in Fig. 1 is the same as in 0.1 M 
sodium chloride (pH 5.4). The high positive value of the second virial coeffi- 
cient in Fig. 1 (about 1.5 X lowi ml.moles/gm.') is a measure of the repulsive 
coulombic forces between the albumin molecules, due to the high net charge 
a t  this pH. Both A[ and B at pH 2.9 are in excellent agreement with the data 
of Doty and Steiner a t  pH 3.3 (9). 

Below pH 2.9, in the absence of salt, bovine serum 'albumin undergoes 
aggregation, followed by precipitation, as revealed by a marked opacity of the 
solution upon standing. That the precipitate consisted of protein, and not of 
fatty acid impurities, was demonstrated by a Kjeldahl nitrogen analysis. 
Since the extent of aggregation increased with time, no reproducible measure- 

0.0; 6 8 10 12 14 16 18 
I I I I I I I I 

c x 104 (IN pm /ml I 

FIG. 2. The intensity of light scattered a t  90" from a solution of bovine serum albumin in 
water, as  a function of protein concentration, pH 1.9. 

ments of molecular weight could be made below pH 2.9 in the absence of salt. 
Thus measurements taken about four hours after the pH had reached 1.9 
gave a molecular weight of about 120,000. This is illustrated by Fig. 2, which 
shows the relation between Kc/RgO and c a t  pH 1.9, in the absence of salt. 
Similar findings have been made by Goring (12), who followed the rate of 
growth of aggregates. 

FIG. 3. The intensity of light scattered a t  90' from a solution of bovine serum albumin in 
0.1 M potassium chloride, as a function of protein concentration, pH 1.9. 
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Aggregation of bovine serum albumin a t  pH 1.9 is prevented by 0.1 114 
potassiuin chloride. Light-scattering measurements in this solvent (Fig. 3) 
lead to an intercept corresponding to a molecular weight of 77,000, the same 
as a t  n e u t r a l f p ~ .  The behavior a t  concentrations of 0.2 M, 0.35 and 0.45 
M potassium~chloride is shown in Fig. 4. Four light-scattering cells were used 

I 0 . 2 M  K C l  

x - - - - 0 . 3 5 M  KC! 

O . - . 0 . 4 5 M  K C I  
1.5 

FIG. 4. The intensity of light scattered a t  90" from bovine serum albumin solution a t  
various salt concentrations, as a function of protein concentration, pH 1.9. 

to obtain the results shown in Fig. 4. Each cell contained 0.2 M potassiuni 
chloride (pH 1.9) initially, but a different concentration of protein. When the 
scattering intensity a t  90° had been measured, a concentratecl solution of 
potassiuni chloride was added from a pipette to make the strength 0.35 M 
and the measurement was repeated. Similarly a further series was obtained 
in 0.45 iM salt. I t  is clear that the lnolecular weight was not altered by this 
treatment. Moreover, repetition 24 hr. later of the measurements in the 0.45 
M solution showed that no alteration occurred on standing. 

The variations in sedimentation constant (at  pH 1.9) with increasing 
potassium chloricle concentration are shown in Fig. 5. The figures, which are 
expressed in Svedberg units (S) have been corrected to water a t  20°, assuming 
the normal partial specific volume, ij = 0.734 (7). Near neutrality, and a t  

w *  

X - - - -  0 . 2 5 %  PROTEIN 

*..-- 0.10 .I. PROTEIN 

MOLARITY OF  SALT 

FIG. 5. Sedimentation constants of bovine serurn albumin a t  pH 1.9 in potassium chloride 
soIutions. 
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similar protein concentrations, the correctecl sedimentation constant is about 
4.3 (23). In 0.1 M potassium chloride, a t  pH 1.9, Fig. 5 indicates a value of 
3.2. With increasing salt coi~centration this figure rises to about 3.6 at 0.5 nf 
potassium chloride. Above 0.5 M the pattern becomes complicated as an 
increasing proportion of the material is aggregated. A little precipitates on 
dialysis, a portion sediments very rapidly, and some produces a second peak 
which gradually separates from the main peak (Fig. 6). The points in Fig. 5 
a t  concentrations of potassium chloride greater than 0.5 M refer only to 
measurements made on the slowest peak when it is free from the influence of 
the aggregated fractions. At 0.6-0.7 Ad measurements become inaccurate and 
depend on the time of dialysis. 

PLATE I 

FIG. 6. Ultracentrifuge patterns of bovine serum albumin a t  pH 1.9 in (a) 0.2 M potassium 
chloride, (b) 0.8 M potassium chloride. Protein concentration 0.2570. Exposures 16. min. 
after reaching full speed (59,780 r.p.m.). Sedimentation is fro~rr right to left. 

DISCUSSION 

The light scattering results of Fig. 3 indicate clearly that the molecular 
weight of bovine serum albumin is the same (in 0.1 M potassium chloride) 
a t  pH 1.9 as a t  neutral pH. Weber originally suggested that the decrease in 
the polarization of fluorescence of conjugates of the albumin under similar 
conditions might be caused by dissociation (29, 30). Since light-scattering 
n~easurements preclude this possibility, an alternative interpretation must be 
found. An increase of internal degrees of freedom for the conjugate group 
is one possibility now entertained by Weber (31). 

Evidence put forward in support of the concept of dissociation included a 
high diffusion constant (D20,w = 6.85 X lo-? c.g.s. units) and a low sedimenta- 
tion constant (s20,, = 2.7) a t  pH 1.8 (30). It  seems probable that insufficient 
electrolyte was present in the diffusion experiments, ancl that the results are 
anomalously high. According to Dr. R. A. Kekwick (l4),  who carried out the 
sedimentation, the figure of 2.7 was not obtained by extrapolation to zero 
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protein concentration, but refers to a 1% solution. Moreover, diffusion po- 
tentials would not be eliminated a t  the salt concentration used, so that the 
measured value of s is probably smaller than sio,,. An erroneous figure for the 
molecular weight is, therefore, obtained by the use of these sedimentation 
and diffusion values. I t  is interesting to add that  a t  0.4% protein (in a solution 
containing 0.124 Jd, KH2P04 0.206 M ,  pH 2.3) values of szo,, and 
D20,, of 3.68 and 4.49 respectively have been observed by Dr. Kekwick 
(14). 

The earliest sedimentation measurements on albumin a t  low pH were made 
by Svedberg and Sjogren (24) using horse serum albumin. Their observations, 
made in a restricted range of potassiunl chloride concentration, showed low 
values of s. Subsequently von Mutzenbecher (17) confirmed this by measure- 
ments on the albumin peak in the pattern given by horse serum. Work on 
bovine serum albumin has been referred to  by Pedersen (20), although no 
details were published. 

In the present experiments, the value of s increases steadily (Fig. 5) as the 
salt content of the solution ranges from 0.1 M up to 0.5 A[. Above this s 
remains constant, for unaggregated material, within the increasing experimen- 
tal error. The light-scattering results of Fig. 4 show tha t  the increase in s up 
to 0.45 M potassium chloride is not due to aggregation. As there is no evidence 
for a systematic variation of s between 0.1% and 0.25% protein, the increase 
is not to be ascribed to suppression of diffusion potentials. 

The P function of Scheraga and Mandelkeril (22) depends only on the axial 
ratio of the ellipsoid which is hydrodynamically equivalent to the protein 
molecule. This treatment has recently been criticized by Tanford and Buzzell 
(25). The maximum value of /3 which they could obtain from combination of 
sedimentation and viscosity data in neutral solution was 2.13. If all the 
sedimentation figures are too low by about two per cent, as now seems highly 
probable (1, 28), this figure becomes 2.17. Values below 2.12 are meaningless 
in the Scheraga-Mandelkern interpretation. Thus the axial ratio in neutral 
solution may be considered t o  lie between 3:l (for a prolate ellipsoid) and 
unity. A comparison with acid solution can be made as follows: 14 is taken to  
be the same, because of the evidence from light-scattering. I t  is assumed thdt 
ij is unaltered. The intrinsic viscosities (32) are 0.036 and 0.097 for neutral 
and acid solution respectively. Provided szo,, (Fig. 5) in 0.1 M salt a t  pH 1.9 
is equal to  sio,, within experimental error, and since sio,, in neutral solution is 
known (23), the ratio of the /? functions in acid and neutral solution can be 
calculated as 1.04 i.e. P = 2.26-2.20 in acid, corresponding to axial ratios of 
5.5: 1-4: 1, and equivalent volumes about soy0 greater than in neutral solu- 
tion. The validity of these calculations depends, of course, on the assumptions 
underlying the Scheraga-Mandelkern theory (25). The axial ratios and equiva- 
lent volumes are highly sensitive to  errors in the experimentally determined 
factors. 

The increased viscosity of horse serum albumin a t  low pH was attributed by 
Bjornholnl et al. (2) to  aggregation. The light-scattering results (Figs. 2, 3, 
and 4) indicate that this explanation is not applicable t o  bovine serum albumin 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1098 CANADIAN JOURNAL OF CHEMISTRY.  I.OL. 3-7 

in the presence of salt. Yang and Foster (32) suggested that  the increase in  
viscosity was due to a large isotropic expansion of the albumin molecule. 
In their opinion, since no birefringence of flow was observed, significant 
unfolding was unli1;ely. The  accuracy of this method is, however, low for a 
small molecule. 

Hypotheses consistent with the observed results can be formulated in 
terms of the  theories of Icuhn et al. (15) or Flory (11). A t  pH 1.9 in water 
there is an expansion of the molecule, due either t o  repulsive electrostatic 
forces (15), or to  a Donnan effect between the intramolecular solution and that  
surrounding the n~olecule (11). The expansion is probably accompanied by 
unfolding, which exposes some sites for interactions between inolecules, and 
results in the time-dependent aggregation (cf. ~ jo rnho lm  et al. (2)). The 
introduction of 0.1 AJ salt decreases the electrostatic intramolecular forces 
(15), or the Donnan term ( l l ) ,  reduces the extension of the molecule, and the 
sites of intermolecular action are no longer exposed. However, as  the sedimen- 
tation constant is low, the size (volume), and shape are not the same as in 
neutral solution. Addition of potassium chloride, up to  0.5 M, results in further 
contraction of the inolecule (and increase in s), in accordance with the theories 
(11, 15). Since solubility restrictions prevent accurate measurements above 
0.5 1M salt, it is not possible to say whether the molecule would attain its 
nor~nal  configuration under those conditions. 
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THE ROLE OF WATER IN THE FORMATION OF SODIUM 
TRIPHOSPHATE BY CALCINATION' 

The formation of sodium triphosphate by calcination, below the sodium 
triphosphate fusion point, of various phosphate mixtures of over-all co~nposition 
~ N ~ ~ O . ~ P Z O ~ . X I I ~ O  was investigated. Water plays an important role, decreasing 
the amounts of pyrophosphate and high molec~llar weight polyphosphate im- 
purities and increasing the reaction rate under certain conditions. I t  is suggested 
that water catalyzes the reactions by: (1) facilitating ionic diffusion, (2) hydrolyz- 
ing -P-0-P- linkages, and (3) assisting in the crystallization of sodium 
triphosphate. With ortho- and pyre-phosphate mixtures temperatures of about 
300°C. and higher are necessary for the rapid formation of sodium triphosphate. 
With glasses of the co~nposition 5Naz0.3P20i good yields may be obtained a t  
temperatures a s  low as  250°C. when water is present. 

INTRODUCTION 

The thermal dehydration of hydrogen orthophosphates to form condensed 
phosphates has been the subject of numerous investigations since the pheno- 
menon was first reported by Thomas Clark in 1827. However, most investi- 
gators have concerned themselves only with the nature of the final products 
and little thought has been given to the reaction mechanisms involved. I t  is 
only recently that a start has been made on these problems, notably by Aud- 
rieth and his co-workers (1, 3, 4) who have emphasized the acid-base nature 
of these high temperature reactions. Also an interesting attempt to elucidate 
the reaction mechanisms involved in the formation of sodium triphosphate 
from orthophosphates containing radioactive phosphorus has been reported 
by Herr and Meyer-Simon (2). 

The present work is concerned primarily with the role which water plays in 
the formation of sodium triphosphate when various mixtures of sodium phos- 
phates are calcined below their fusion points. Commercially the usual method 
of preparation of sodium triphosphate is by the calcination in a rotary kiln 
'at 300 to 450°C. of an intimate mixture of disodiunl and monosodium ortho- 
phosphates in the mole ratio 2: 1. In spite of the commercial importance of 
this process no detailed study of the reactions involved or the effect of experi- 
mental conditions on them has been published. The present work was begun 
to  remedy this situation and was extended to various other initial reactants 
when the importance of water to the reaction was realized. The approach to 
the problem was essentially a kinetic one. 

EXPERIMENTAL 
Materials 

The intimate mixture of orthophosphates prepared commercially by flash 
evaporation on a drum-drier is often called ortho-mix. In  the present experi- 

1Afanuscript received August 10, 1954. 
Contribution from the Departsnent of Cheniistry, Otztario Research Foundatio?t, Toronto, 0711 .  

Electric Reductiott Company Fellowship. 
T h i s  paper was presented at the Annual  Cotiferettce of The Claemical Institute of Canada. at 

Windsor, Owl., on June  4 ,  1953. 
Z83Research Fellows, Onlario Research Foundation. 
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AfcCILI'ERY AND SCOTT: CALCINATION 1101 

ments a con~mercial ortho-mix sample corltairlirlg slightly more than the 
theoretical amount of disoclium orthopl~ospl~ate was used. For this reason, the 
reaction was complete when the products consisted of about 96% sodium 
triphosphate and 4% sodium pyrophosphate. 

Other phosphate ~llixtures used were: 
pyro-mix-an intimate mixture of pyrophosphates obtained by heating 

ortho-mix a t  about 220°C. for several hours. 
pyro-meta-mix-mechanical mixtures of xNa4Pz07+ (NaP03). (Maddrell's 

salt) or 3Na4P207+ (NaP0a)a. 
tri-glass-mix-a glassy product obtained by quenching rapidly a melt of 

the composition 5Na20.3P205. The glass was quite opaque o\lring to the 
separation of sodium pyrophosphate crystallites. 

Variables Studied 

Four variables were investigated: 
(I)  the nature of the starting materials 
(2) the calcination temperature 
(3) the calcination time 
(4) the partial water vapor pressure of the atmosphere surrounding the 

reaction mixture. 
The general experimental pattern was to study the effects of water vapor 

pressure and calcination time a t  a series of fixed temperatures. 

A Pparatus 
The kiln used in the calcination experiments is shown in Fig. 1. I t  is a 

copper block 10 in. X 3 in. X 2 in. wound with an electric heating element 
and lagged with asbestos. In the center of the block is a slot 8 in. X 2 in. X i  in. 
into which is inserted a long dish made of platinum foil containing the sample 

FIG. 1. Copper block kiln. 
.A-preheat channel 
B-gas inlet 

C-sample slot 
D-thermocouple well 
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to be calcined. Further channels are cut in the block in such a manner that  
air injected into the block passes through about 28 in. of 3 in. X $ in. channel- 
ing and exits over the sample. The humidity of the entering air is controlled 
by passage through two water bubbling towers maintained a t  the appropriate 
temperature to give the desired water vapor pressure. In 'anhydrous' experi- 
ments the air was dried by passage through a calcium chloride tower. To  
obtain 760 mm. water vapor pressure steam was passed through the block. 

The temperature was measured using a chromel-alumel thermocouple 
embedded in the copper block about + in. below the center of the sample slot. 
Preliminary tests indicated that the slot temperature a t  the sample position 
was within 2OC. of the block temperature and usually much closer than 
this. 

The ortho-mix sample (0.5-1.0 gm.) was spread on the platinum dish in a 
layer less than 1 mm. in thickness to ensure a rapid approach to the desired 
operating temperature. Similarly a t  the end of the calcination time rapid 
quenching was obtained by pressing the dish onto a cold copper block. 

Analysis 
The use of filter paper chromatography for the separation and estimation 

of the various condensed phosphates greatly simplified the analytical work 
involved in this investigation. The general procedure was similar to that  
outlined by Westman, Scott, and Pedley (8) though the whole method has 
been considerably improved, for example, by the use of a commercial filter 
paper which does not require prewashing. This paper, Schleicher and 
Schuell's No. 589 Orange Ribbon, was used in most of the analyses. 

Since linear polyphosphates greater in length than triphosphate were not 
well separated in the solvent systems used, they were lumped together for 
quantitative analysis and designated as 'high poly'. Cyclic metaphosphates 
such as trimetaphosphate were only observed in the pyro-meta-mix experi- 
ments. The analysis was thus reduced to a determination of ortho-, pyro-, 
tri-phosphate and high poly. No unknown compounds were detected on our 
chromatograms. The limit of detection was probably about ly0 and the 
experimental error limits about &5y0 in the early analyses. In subsequent 
work it was possible to determine the percentage of a constituent to f l  by 
using the most recent techniques developed a t  the Foundation. 

RESULTS 

Efect of Temperature 
The temperature regions in which the various condensation reactions occur 

were mapped out by obtaining the heating curve of ortho-mix from room 
temperature to about 400°C., and chromatographing samples of the mixture 
a t  various stages in the calcination. The heating curve is shown in Fig. 2. 
The inflections in the curve in the temperature range 50-150°C. ( A  and B) 
correspond to the removal of water of crystallization from the orthophosphates. 
The inflection a t  about 210°C. (C) corresponds to the formation of pyro- 
phosphates and those a t  290-330°C. (D and E) to the formation of triphosphates 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



McGILIrERY A N D  SCOTT: CALCINATION 1103 

TIME (MIN.) 

FIG. 2. Heating curve for the dehydration of ortho-mix. 

and higher polyphospllates. I t  was evident from these preliminarj7 experiments 
that temperatures of about 250°C. and higher were necessary to form tri- 
phosphate a t  an  appreciable rate when the initial reactants were mixtures of 
ortho- or pyro-phosphates. 

In Fig. 3 are shown the amounts of triphosphate formed in the calcination 
of ortho-mix as a function of the time a t  various temperatures. An atmosphere 
of water vapor was maintained over the reaction mixture in every case. I t  
will be noted that  the reaction proceeds a t  a rapid rate above about 300°C. 

C A L C I N A T I O ~  T I M E  (M1N. I  

FIG. 3. Theeffect of temperature on the formation of sodium triphosphate by the calcination 
of ortho-mix in an  atmosphere of water vapor. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1104 C:<NADIdhT JOURNAI.  OF CHE,IIISTKY. T.OL. 32 

Eflect of Water Thpor Pressure 
In studying the effect of water vapor pressure on the formati011 of tri- 

phosphate it must be kept in mind that in some of the systems studied, 111oist- 
ure was being evolved in the calcination process and this tended to confuse 
the effects of the water vapor added to  the system. Thus when the initial 
reactants are orthophosphates or pyrophosphates, water of constitution will 
be evolved so that in the 0 nun. water vapor pressure experiments although 
the atmosphere over the reactants is essentially anhydrous the reacting mass 
itself will contain appreciable amounts of water for a portion of the time the 
sample is in the temperature region in which reaction can occur. On the other 
hand, the pyro-meta-mix and tri-glass-mix systems were truly anhydrous ex- 
cept for slight traces of water \vhich such materials are knoivn to retain even 
a t  high temperatures. Here one would expect the effects of water vapor to be 
11lost pronounced. This is indeed the case. 

Mechanical mixtures of tetrasodium pyrophosphate and Maddrell's salt 
(NaP03), in a 1: 1 molar ratio failed to react alter 20 min. a t  350°C. under an 
anhydrous atmosphere. Similar results were obtained with a ~nechanical 
mixture of tetrasodium ~yrophosphate and sodium trimetaphosphate. How- 
ever, if these mixtures are heated a t  the same temperature (i.e. 350°C.) in an 
atmosphere of water vapor, substantial amounts of triphosphate are formed. 
This is show11 graphically in Fig. 4. I t  will be noted that the rate falls off long 

CALCINATION T I M E  ( M I  N.) 

FIG. 4. The effect of water vapor on the  formation of sodium triphosphate by calcination 
a t  350°C. of mechanical mixtures of sodium phosphates which contain no water of consti t~~tion. 

O--(NaPOa)3+3NarP207 a t  760 mrn. water vapor pressure. 
e-(NaP03),+xNarPnO; a t  760 mm. water vapor pressure. 
W-either mix a t  0 mrn. water vapor pressure. 

before the reaction is completed. This is believed to be associated with inade- 
quate mixing rather than any inability of the components to react. 

Similar results are obtained a t  350°C. when ortho- or pyro-mix is used as the 
starting material. Here, however, substantial amounts of triphosphate are 
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AIcGILI'ERY AND SCOTT: CALCINATION 1105 

formed a t  0 mm. water vapor pressure presumably because of the water of 
constitution being evolved. Fig. 5 illustrates the effect of water vapor on the 
calcination of pyro-mix a t  350°C. The situation thus disclosed is unusual, 
since ordinarily one would expect a condensation reaction in which water is 
formed to be retarded by the presence of water vapor. 

CALCINATION T l M E  (MIN.) 

FIG. 5. The effect of water vapor on the formation of sodium triphosphate by calcination of 
pyro-mix a t  350°C. 

The foregoing examples of the effect of water vapor have all been in experi- 
ments a t  350°C. The ortho-mix system has been studied more extensively 
than any of the others and it is found that a t  temperatures below about 300°C. 

W V P  I 
(mm) 

CALCINATION T lME (MIN.) 

FIG. 6. The effect of water vapor pressure on the formation of sodium triphosphate by 
calcination of ortho-mix a t  250°C. 
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the rate of formation of triphosphate goes through a maxiinu~ll as the water 
vapor pressure is increased from 0 to 760 mm. Fig. 6 illustrates the effect a t  
250°C., the rate being a maximum in the neighborhood of 90 mm. water 
vapor pressure. 

The tri-glass-mix system differs from the others in that a much more 
intimate mixture of reactants is present and they are in a noncrystalline form. 
This lack of crystallinity implies a higher energy system which will be meta- 
stable with respect to crystalline sodium triphosphate a t  temperatures below 
the melting point of sodium triphosphate (about 625°C.). Consequently it is 
not surprising that conversion to triphosphate is observed in this system a t  
lower temperatures and even under supposedly anhydrous conditions. Indeed 
one method of manufacturing triphosphate is to rapidly cool a melt of the 
correct Na/P  ratio and devitrify the glass obtained by tempering for long 
periods a t  temperatures in the range 500-600°C. 

The present experiments show that this conversion of glass to crystalline 
triphosphate is greatly accele~ated by the presence of water vapor and the 
extent of this conversion is increased, particuarly a t  lower temperatures. 
Fig. 7 illustrates the differences in conversion after six minutes atvarious 

W V P  
(m m.) 

50 1 I I I I I 
200 300 4CO 500 600 700 800 

CALCINATION T E M P .  OC. 

FIG. 7. The effect of water vapor on the formation of sodium triphosphate when a glass of 
composition 5Na20.3P205 is calcined for six minutes a t  variolls temperatures. 

temperatures under hydrous and anhydrous conditions. At temperatures of 
about 600°C. and higher in the presence of an atmosphere of water vapor a 
melt is obtained, the triphosphate content of which is only about 20 to 30y0. 
Presuinably the crystallization of sodium triphosphate does not occur under 
these conditions. 

Intermediates 
I t  is of interest to consider now the appearance and disappearance of other 

collstituents intermediate in the formation of triphosphate. 
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As we have noted earlier, cyclic metaphosphates were undetectable in 
any of the ortho-mix, pyro-mix, or tri-glass-mix experiments though trirneta- 
phosphate was present in the pyro-meta-mix experiments as an initial reactant. 
I t  appears tha t  in the inore alkaline media the cyclic metaphosphates are not 
readily formed, the linear polyphosphates being favored. This is perhaps not 
surprising in view of the relative ease with which alkaline hydrolysis of cyclic 
metaphosphates occurs. 

The usual products from ortho-, pyro-, and tri-glass-mis calcinations are 
pyrophosphate, triphosphate, and higher polyphosphates. In Fig. 8 is shown 
the change with time in the composition of an ortho-mix charge calcined a t  
250°C. and 161 mnl. water vapor pressure. The general pattern is typical for 

F 1  
Z 
g 00. 

0 
CL 
2 
0 
0 60 

COM POHENT 
LL 
0 A - Na5P3OI0 

F - Na4P207 
2 4 0 . .  
W X - Na2HP04 

0 -  (NaPO,).. 

% X X- 

I 
CALCINATION T I M E  (MIN.) 

FIG. 8. The charrge irr compositio~r with calcination time of an ortho-mix sa~rlple calcined 
a t  250°C. and 161 mm. water vapor pressure. 

ortho-mix calcinations, though the rates of appearance and disappearance 
of the various constituents and their relative proportions are dependent to  a 
great extent upon temperature and water vapor pressure. This has already 
been discussed, with respect to triphosphate. 

The appearance and nature of the higher polyphosphates is of some interest. 
The molecular weight of the higher polyphosphates increases with increasing 
temperature for a constant water vapor pressure. Thus a t  250°C. and 161 mm. 
water vapor pressure significant amounts of tetraphosphate are present and 
all the material is soluble, whereas a t  350°C. inany of the higher polyphosphates 
are of such high molecular weight as to  be insoluble. The effect of increasing 
the water vapor pressure a t  a constant temperature is to  decrease the amount 
and the molecular weight of the higher polyphosphates formed. This decrease 
in the amount of high polyphosphate is demonstrated in a series of pyro-mix 
calcinations a t  350°C. (see Fig. 9). 
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CALCINATION T I M E  (MIN.) 

FIG. 9. The effect of water vapor pressure on the high ~nolecular weight-polyphosphate 
content of samples of ~ ~ r o - r n i x  calcined at  350°C. 

DISCUSSION 

I t  is evident from the foregoing results that moisture is alnlost as important 
as temperature in thc formation of sodium triphosphate. TO explain these 
observatio~ls we should like to suggest that the role played by water is three- 
fold : 

(1) it  assists in ionic diffusion, 
(2) it hydrolyzes -P-0-P- linkages, 
(3) i t  assists in the cr~~stallization of Na5P30,,. 

Ionic Difusion 

In so far as the com~nercial preparation of ortho-mix on drum dryers is 
concerned it  is cloubtful whether a really intinlate mixture can be obtained. 
There is little or no evidence of mixed crystals of di- and mono-sodium ortho- 
phosphate and so long as crystallization occurs we may expect discrete pockets 
of these compounds and their hydrates to be present. Therefore in the trans- 
formation of these materials to sodium triphosphate it is ohvious that there 
must be a migration of Na+ ions from those areas initially rich in Na+ ion 
(i.e. where disodium orthophosphate crystals existed) to those areas initially 
poor in Na+ ion (i.e. where monosodium orthophosphate crystals existed). 
I f  such a migration does not occur then dehydration will result in pockets of 
pyrophosphate and insoluble high molecular weight polyphosphates. This 
actually does occur to an increasing extent as the water vapor pressure is 
decreased. I t  seems reasonable to believe, therefore, that the presence of 
water vapor in the surrounding atmosphere assists in this ionic diffusion 
process. Whether the water vapor as such is effective in promotir~g diffusion or 
whether a liquid water phase is formed is not decided by our experiments. 

Hydrolysis 

As we have noted above, a t  low water vapor pressures the calcination of 
ortho- or pyro-mixes results in the formation of pyrophosphate and high 
n~olecular weight polyphosphates. Both pyro-mcta-mix and the tri-glass-mix 
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McGILT'ERY AND SCOTT: CALCINATION 1109 

contain these components as initial reactants. For triphosphate form* a t '  1011 to 
occur the higher polyphosphates must be degraded and the dimers (i.e. 
pyrophosphates) polymerized. I t  is suggested that  the necessary scission of 
-P-0-P- linkages is effected very readily by  water or water vapor a t  
these temperatures. Tha t  thermal scission of these bonds does occur is sugges- 
ted by the formation of triphosphate from tri-glass-mix under anhydrous 
 condition^.^ However, hydrolysis is probably much more effective, particularly 
a t  lower temperatures. In the presence of water vapor the -P-0-P- 
linkages are continually being broken and reformed so tha t  an equilibrium of 
the type 

I I I 
-P-0-P- +HOH 2(-P-OH) 

1 I I 
is set up. Now if  a Na+ ion is exchanged for the H+ ion in the terminal group 
further growth to  form higher polyphosphates is blocked a t  this point. Con- 
versely replacement of a Na+ ion by a H+ ion permits further growth a t  the 
point of replacement. Consequently, concurrent with the ionic diffusion 
already mentioned there are polymerization and degradation processes 
occurring, the products of which are to  some extent stabilized by the distribu- 
tion of Na+ ions. If no crystallization occurred, the final equilibl-ium would be 
a nearly uniform distribution of Na+ ion and an average phosphate chain 
length of three. 

Crystallization 
However, crystallization of NasP3010 does occur and i t  is for this reason 

tha t  nearly pure sodium triphosphate may be prepared by direct calcination. 
In a randomly organized system, although the average chain length may 
be three, the proportion of the trimer will be comparatively small (7). This 
situation is observed in the tri-glass-mixes. T o  get the high yields of triphos- 
phate which are obtained, a breakdown of the random organization must 
occur-i.e. sodium triphosphate must crystallize out. I t  is suggested that  
this is facilitated by ivater vapor. Really this is simply another manifestation 
of the ability of water t o  promote diffusion, since crystallization will be 
dependent upon the diffusion of ions to the crystal surfaces. 

The ability of a particular polyphosphate to  crystallize is probably the 
criterion of whether or not that material may be produced in any purity by 
direct calcination. Thus the dimer (pyrophosphate), the trimer (triphosphate), 
and the very high molecular weight polymers such as Maddrell's salt are 
readily crystallizable and i t  is significant tha t  these are the only species which 
have been prepared in a pure form without too much difficulty. I t  seems 
likely tha t  the intermediate polyphosphates such as  tetra-, penta-, hexa- 
phosphate are not obtained in the pure form from melts of the appropriate 
Na/P ratios, not because of any inherent instability in these configurations 
bu t  simply because they do  not crystallize well. 

'Allho2rgh i t  i s  possible that traces of water it1 the glasses are respunsible. These traces arc very 
dificull lo remove. 
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Retardation of Rate  
Thus far we have discussed the role of water vapor in assisting the forma-. 

tion of triphosphate and have ignored the fact that  a t  lower temperatures in 
ortho-mix systems the rate goes through a maximum as  the water vapor 
pressure is increased. However, this is quite compatible with the foregoing 
explanations. 

I t  must be remembered tha t  the hydrolysis of -P-0-P- linkages 
results in the degradation of triphosphate as  well as  higher and lower poly- 
phosphates. Consequently the net rate of formation will be the difference 
between the trimer formed per unit time and the trimer hydrolyzed per unit 
time. At  lower temperatures (<300°C.) in ortho-mix systerns degradation by 
hydrolysis becomes the dominant effect of water vapor a t  tvater vapor pres- 
sures less than 1 atmosphere, and therefore a ~naximum occurs in the rate of 
formation of triphosphate. At  higher temperatures (>300°C.) it seems 
probable that hydrolysis does not become a dominating process until water 
vapor pressures greatly in excess of 1 atmosphere are reached. Hence in our 
experiments a t  temperatures greater than 300°C. the rate always increased 
with increasing water vapor pressure. 

Mechanism 
Herr and Simon (2) conclude from their experiments with an ortho-pyro- 

mix tha t  a t  250-260°C. reaction occurs preferentially according to the equation 
2Na2HP0,+~NazHzP,07 -+ Na5P3010f l+HzO 

without the preliminary formation of pyrophosphate from the orthophosphate. 
However, the results of the present investigation show tha t  the preferred 
first step in the polymerization process is the formation of pyrophosphate. 
Thus after two minutes calcination a t  250°C. about 86% pyrophosphate is 
present (see Fig. 8) and even a t  350°C. about 75% pyrophosphate is present 
after 0.5 min. calcination. Tha t  pyrophosphate should be the first product in 
the calcination process seems reasonable in view of the fact that  dirnerization 
occurs rapidly a t  about 220°C. while polymerization to higher polyphosphates 
does not occur with any rapidity even a t  250°C. Furthermore, both tetra- 
sodium and disodium dihydrogen pyrophosphate are readily crystallizable 
which is an important factor in determining calcination products. 

The transition from the dimer to the trimer probably proceeds by many 
different paths, the common denominator being a process of formation of 
-P-0-P- linkages with the evolution of water and of destruction of 
-P-0-P- linkages by hydrolysis. Thus one path would probabll- be 
condensation of the dimer to the tetramer follotved bl- hydrolysis to the 
trimer and the monomer: 

In  support of this Westman, Scott, and Pedlel- (8) have found tha t  hydrolysis 
of tetraphosphate does yield some triphosphate and orthophosphate, although 
the major product is pyrophosphate as  Thilo (5) has observed. 
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McC;ILT.ERI' ;1 N D  SCOTT:  Cd LCI'VA TION 1111 

T h e  apparent absence of orthophosphate in most calcination products 
suggests tha t  the  reactions 

occur with rapidity. When rc = 2 the reaction suggested by Herr and Simon 
is obtained and this may well be an  important reaction in the  formation of 
triphosphate. 

In the period between the  breakdown of pyrophosphate crystalline structure 
and the formation of triphosphate crystalline structure the reaction mixture 
is probably an amorphous mass and it is in this period tha t  the difficultly 
crystallizable higher polyphosphates (e.g. tetraphosphate, pentaphosphate) 
exist. 

A somewhat similar conception of the dehydration mechanism, involving 
hydrogen ion migration, has been advanced by Thilo and Seemann (6). 
However they consider water evolution to occur when a proton encounters a n  
-OH end-group. The  course of the subsequent reaction is not discussed bu t  
presumably a tri-co-ordinated P atom is involved. 

With tri-glass-mixes calcined under hydrous conditions the same mech- 
anism is visualized, the  only change being that  the  reactants are already in 
the amorphous condition noted above. 

The formation of triphosphate by calcination of tri-glass-mix under anhy- 
drous conditions presumably involves the breaking of -P-0-P- bonds 
by thermal scission* resulting in very reactive tri-co-ordinated terminal 
phosphorus atoms. Polymerization then occurs by the  addition of these groups 
to  the terminal oxygen atoms of phosphate chains. Sodium triphosphate 
separates by a crystallization process as  in the hydrous calcinations. 
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AN ACCURATE METHOD OF ANALYSIS FOR SMALL QUANTITIES 
OF ETHYLENE1 

ABSTRACT 

A procedure is described for the accurate analysis of ethylene in mixtures of 
ethane and ethylene by hydrogenation over a nickel-kieselguhr catalyst. 
Samples of ethylene as  small as 0.03 cc. in mixtures of the order of 1.5 cc. of gas a t  
N.T.P. can be determined to  an accuracy of about one half per cent. Results are 
reported over a range of mixtures. 

In photochemistry, the analysis of small quantities of ethylene is a common 
problem. In particular, when ethylene appears with ethane, a very accurate 
analysis is necessary if the difference between the two species is needed. In 
previous work in this laboratory such mixtures have been analyzed by either 
the Blacet-Leighton technique (4), or by the mass spectrometer. Accuracy oi 
the order of 1 or 2% is achieved by these methods if samples of 0.2 cc. of gas 
a t  N.T.P. are supplied; this is sufficient for most work. The method of hydro- 
genation over a nickel-kieselguhr catalyst was developed to determine ethy- 
ene to better than one per cent on small samples of gas. 

Much work has been done on the catalytic hydrogenation of ethylene*, 
but hydrogenation is usually not carried to  completion and is not discussed 
as an analytical technique. Catalytic hydrogenation was used by Trenner 
et al. (6) t o  analyze accurately for rather large samples of ethylene. In  photo- 
chemistry, the technique has been used before (2, 3, 5 )  but  not to  a high degree 
of accuracy, and a procedure has not been described. In this work, such a 
procedure is described, and a range of ethane-ethylene mixtures is studied. 

In principle, the method is as  follows. A known excess of hydrogen gas (H) 
is measured into the nickel catalyst chamber. A known sample of gas (W) 
containing ethylene (E) is then measured into the oven. When the reaction is 
over, the quantity of ethylene is given in terms of the final quantity of gas (F) 
by 

E = H + W - F .  [I] 
If the condensable gas (or gases) is frozen in liquid nitrogen before the final 
reading is taken so that (T)  is the final quantity of noncondensable gas, then 
ethylene is given by 

E = H - T .  121 

APPARATUS 

The catalyst chamber is a small glass bulb (about 4 cc.) maintained a t  
1002 Z°C. by an oven. I t  leads through a capillary "U" tube t rap through 
one stopcock to  the high vacuum, or through another stopcock to the Toepler 

'nilaitzrscript received August 24,  1954. 
Contributiot~ from the Dinisiot~ of Pure Chemistry, National Research Corrncil, Ottawa, Canada. 

Issued as N.R.C. No. 5419. 
2National Reseorcl~ Laboratories Postdoctorate Fellow 1953-. 
'See,  for instance, papers by Beeck, O., Eley, D. O., Rideal, E. H., Tzuigg, C. H., etc., in Dis- 

cussiot~s Faraday Soc. 8. 1950. 
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SHEPP AND KUTSCHKE: METHOD OF ANALYSIS 1113 

pump-burette (T-burette). The unthermostatted connecting tubing was kept 
as short as possible. The total volume of the T-burette, when the mercury is 
pulled down to a fixed mark, is about 350 cc. The large standard volume in 
this burette is 1.4356 cc., so that the intrinsic error in measuring gas samples 
(assuming 0.2 mnl. uncertainty in the pressure reading) is about 0.0003 cc. of 
gas a t  N.T.P. Hydrogen could be pumped into the T-burette from a supply 
line, and sample bulbs of ethane and ethylene could be introduced through a 
tapered joint and stopcock. 

MATERIALS 

Commercial hydrogen was passed through a liquid nitrogen trap and passed 
slowly through a palladium thimble a t  300°C. Ethylene and ethane were also 
commercial products and were degassed by bulb to bulb distillation. The 
nickel-kieselguhr catalyst was prepared according to the specifications of 
Adkins (1). (Kieselguhr is sold by Johns-RiIanville as "Filter-Cel". I t  is 
cleaned in nitric acid, and a water solution of nickel carbonate is ground into 
it. A solution of amnlonium carbonate is mixed in, and the nickel carbonate - 
kieselguhr is filtered off. The product is put in an oven a t  110°C. and 20 mgm. 
of the resulting nickel oxide- kieselguhr is pulverized and put in the catalyst 
chamber.) The catalyst is reduced as follows. About 100 mm. of hydrogen is 
put over the catalyst, and the chamber is kept a t  about 400°C. for three hours, 
with a solid carbon dioxide bath on the trap to condense the water. The 
hydrogen and water are then pumped off and the procedure repeated twice, 
for periods of several hours. The temperature of the oven is then lowered to 
100°C. and 100 mm. of hydrogen is kept over the catalyst for a day. After this 
treatment, small samples of hydrogen can be recovered from the oven to an 
accuracy of 0.0003 cc. of gas a t  N.T.P. 

As is well known* (6), hydrocarbons will crack over a nickel catalyst a t  
temperatures of 200°C. or higher, but a t  100" no cracking productsareobserved. 
Thus, 100°C. was used for hydrogenation. Because a hydrogen layer adsorbs 
on the nickel, the oven must be kept a t  this temperature a t  all times after the 
above treatment, and during actual hydrogenation the excess hydrogen must 
always be introduced into the oven first. I t  was observed that hydrogen has a 
vapor pressure over the nickel catalyst. By exposing the chamber to the open 
T-burette, a quantity of gas corresponding to a vapor pressure of about 
mm. can be taken off. Since it  takes several minutes for this equilibrium to be 
attained the results need not be corrected for this extra gas if readings are 
taken very quickly. Adsorption of ethane on the catalyst makes complete 
recovery by expansion into the T-burette impossible. Therefore equation [I] 
is not irsed, but a t  the conclusion of a run, the resulting ethane is frozen in 
liquid nitrogen, and equation [2] is used. 

By taking rapid readings, the vapor of ethane a t  liquid nitrogen temperature 
does not have time to saturate the burette, so that again no correction for 
extra gas need be made. The hydrogen samples used were always in excess of 

*See, for instance, papers by Beeck, O., Eley, D. O., Rideal, E .  H., Twigg, C. H., etc., in  Dis- 
c~~ss ions  Faraday SOG. 8. 1850. 
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the total hydrocarbon mixture, irsually sufficiently in excess so that about 
0.1 cc. of hydrogen gas remained. The  method does not seem dependent on the 
ratio of hydrogen to ethylene (cf. Taylor et al. (3)). 

PROCEDURE 

The  procedure was as  follows. Samples of ethane and ethylene \Irere measured 
into the T-burette and stored in a pump-down trap. A hydrogen sample was 
pumped in, measured, and expanded into the catal3,st chamber. The hydro- 
carbons were then pumped back into the T-burette, remeasured as a checl;, 
and opened to the chamber. The  gases were immediately mixed by expansion 
into the,burette and conlpressed back to the chamber. Mixing was done again 
a t  intervals of one quarter, one half, one, and two hours, and thereafter as  
convenient. This mixing is very important. A t  each mixing the volu~ne of the 
gas drawn into the burette was measured, and using equation [I], an estimate 
of the conversion was made. When these estimates consistently read 100% 
ethylene converted, the reaction could be stopped. At  the conclusio~l of the 
run, conclensables were carefully frozen by liquid nitrogen on the "U" tube 
trap, and the hydrogen in the chamber was determined as follows. The  stop- 
cock to  the T-burette was opened, and the gas quickly expanded in by drawing 
down the mercury. With the stopcock closed, the gas was measured, and then 
pumped off. This procedure was repeated a second time. Since the ratio of 
these two gas quantities was about 0.012, and since the total sample size was 
of order 0.1 cc., all measurable material was obtained in these two samples. 
The  catalyst chamber was then opened to  the vacuum pumps, and the liquid 
nitrogen flask removed. After about ten minutes of pumping, the chamber was 
shut off until the next run. A few minutes' pumping always preceded the next 
introduction of a hydrogen sample. 

RESULTS 

Results are shown in Tables I and 11. Runs A ,  B, and C are 011 samples of 
approximately 30%, 50%, and 70% ethylene; runs D are on 100% etl~ylene. 
Table I shows the approximate per cent reaction a t  the first three mixing time 

TABLE I 
PER CENT OF ETHYLENE REACTED 

Time 
- -- cc. at N.T P. 

Run 15 mill. 30 min. 1 hr. % CpHJ of C?H4 
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intervals. The  correlation between sainple size and per cent of ethylene is 
interesting. Thus,  runs A go slower than runs B, presumably because the large 
initial pressure of ethane hinders the ethylene in i ts  diffusion to the catalyst 
surface during the first minutes. Runs C go a t  about the same speed as A ,  
having more ethylene t o  react, but  less ethane in the  way. Runs D go about 
as  fast as  runs B, having more ethylene, bu t  no ethane initially. Table I1 

TABLE II* 

C?H! 7, CBHI 
Run CzH4 CsHs %CzH* H? Time determ~ned determ~ned 

A 1  .O303 .ON7 27.3 ,1258 2 hr. .0301 27.1 
2 .0414 .0809 33.9 .I321 5 hr. .ON7 33.3 
3 .0425 .0857 33.2 .I425 12 hr. ,0423 33.0 

B 4 .0471 .0427 52.4 .I336 2 hr. .0468 52.1 
5 ,0451 ,0461 49.5 .I391 5 hr. .0452 49.6 

C 6 .0798 .0356 69.2 ,1616 2 hr. .0800 69.3 
7 ,0901 ,0474 65.5 .I546 5 hr. ,0904 65.7 

0 8  ,1028 0 100 .I429 5 hr. ,1025 99.7 
9 .0651 0 100 ,1387 5 hr. ,0655 100.6 

*The rrnil of gns is cc. a1 N.T.P. 

demonstrates the accuracy to be expected from this method and shows tha t  
on this size sample a reaction time of five hours should be sufficient to ensure 
complete hydrogenation. 
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THE BIOGENESIS OF ALKALOIDS 
XII. THE MODE OF FORMATION OF THE TROPINE BASE 

OF HYOSCYAMINE1 

ABSTRACT 

Ornithine-2-C14 was fed to mature Dalura slranzonium plants and radioactive 
hyoscyamine was isolated from the whole plant, while the hyoscine obtained 
from the plant was inactive. Systematic degradation of the radioactive 
alkaloid indicated that all the activity was present in the 1 or 5, or both, positions 
of the tropine half of the alkaloid indicating that  ornithine is a precursor of the 
ring system in tropine, but  not of scopine, the base present in hyoscine. 

INTRODUCTION 

The biogenesis of the tropine molecule has received much discussion (3, 8, 
18, 19), probably because of the facile in vitro synthesis of tropinone under 
"so-called physiological conditions" from succindialdehyde, methylamine, and 
acetone dicarboxylic acid (22). Ornithine has been suggested as  the amino 
acid which acts as  a precursor of the pyrrolidine ring in tropine. In support of 
this, ornithine has been detected in the pressed juice of Atropa belladonna 
sprouts (7)  and acetyl ornithine has been found in various plants of the 
Corydalis species (13, 14). I t  was thus decided to feed radioactive ornithine 
labelled on the carbon atom carrying the carboxyl group to D. stramonium 
plants which produce hyoscyamine and hyoscine. These alkaloids were isolated 
from the plant after a suitable period of time and separated by paper chroma- 
tography and by partition chromatography on a celite column according to an 
established method (21). The hyoscine was inactive but the hyoscyamine was 
active. I t  was degraded according to  the scheme in Fig. 1 to  deterinine the 
positions of activity. The  hyoscyainine (I) was hydrolyzed with dilute sodiuin 
hydroxide solution to give tropine (11) and tropic acid (111) (25). According to 
Liebermann (11) the action of chromic acid and sulphuric acid on tropine gave 
a mixture of tropinic and ecgonic acids. Later, Willstatter (24) showed tha t  
chromic acid on either of these acids produced N-methylsuccinimide (IV). In 
the present work prolonged oxidation of tropine with chromic and sulphuric 
acids gave, under the best conditions, a 10yo yield of N-methylsucciniinide. 
The  action of phenyl magnesium bromide on N-111ethylsuccini1nide has been 
investigated by Luke2 and Prelog (12) who isolated froin the reaction mixture 
1-methyl-2,5-diphenylpyrrole (V) and 1-methyl-2-phenyl-2-hydroxy-50x0- 
tetrahydropyrrole. In the present work the former compound was obtained 
pure in 19% yield by prolonging the reaction time and using a large excess of 
the Grignard reagent. Oxidation of the pyrrole derivative with potassium 
permanganate caused fission of the double bonds to give a mixture of oxalic 

'fiIanzlscrip1 received Augzrsl $1, 1954. 
Conlribulion from the Division of Pure C l ~ m i s l r y ,  h'alional Research Coz~ncil,  Ollaula, Canada. 

Issued a s  N.R.C. 1Vo. $@?I. T h e  preliminary co7nnzzcnication ptrblislzed i n  Nntzrre, 174: 650 ,  1954 
i s  considered a s  Part X I  of lh is  series. 

*Nat ional  Researcl~ Cozc?zcil of Canada Postdoctorate Felloul. 
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C H?-C H-CH? CHZOH 
I I I 
N-CH3 CHOH + HOOCCH-C6Hs I I I 

CH?-CH-CH? 

CH==C' 

I \ COOH 

N-CHa - + 1 + 2 C6H5-COOH 
I 

COOH 

FIG. I. Degradation of t h e  hyoscyamine. 

(VI) and benzoic acids (VII) which were separated by crystallization from 
water, the oxalic acid being finally isolated as the sparingly soluble calcium 
salt. 

EXPERIMENTAL3 

Synthesis of Radioactive Ornithine 
CI4-methyl labelled sodium acetate was converted to ethyl cyanoacetate-2- 

C14 by the method previously described (9) and this was used to prepare 
DL-ornithine-2-CI4 by the method of Fields el al. (5). 

3All melting poi?zts are corrected. 
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Administration of the Rndioactizle Ornithine and Isolation of the Alkaloids 

D. stramonium seeds were germinated in soil and then alIolved to grolv in 
soil for four months with transplantatioils as required. The almost mature 
plants were then transferred to a hydroponics setup with the roots of each 
plant dipping into a beaker containing an aerated nutrient solution. The 
solutioil was kept in the dark while the upper part of the plant was in the light. 
The nutrient solution contained (per liter): KNOB (505 mgm.), Ca(NO,)?. 
4H20 (1180 rngm.), MgS04. 7H20  (495 rngm.), ICH21'04 (272 rngm.), 
FeS04.  7H20 (2 rngm.), plus traces of micronutrients (B, Mn, Zn ,  Mo, CU). 
Each plant was furnished with about 500 cc. of nutrient solution which was 
changed once a week. New healthy roots were produced on the plants. After 
three weeks in the nutrient solution the plants were in various stages of 
development, some flowering and others already producing seed pods. At this 
stage radioactive DL-ornithine monohydrochloride (100 mgm. with an activity 
of 2.90 X lo5 disintegrations per min. per rngm., or 4.8 X lo7 disintegrations/ 
min./mM.) was divided equally among 10 plants. The plants were allowed to 
remain in contact with the nutrient solution containing the active ornithine for 
seven days. The activity decreased each day, the total activity remaining in the 
nutrient solution of one plant was found to be: initially, 2.9 X lo6, 1st day, 
2.6 X lo6, 2nd day, 1.6 X lo6, 3rd day, 1.1 X lo6, 4th day, 0.52 X 106, 
5th day, 0.25 X lo6, 6th day, 0.07 X lo6, 7th day, 0.01 X lo6 disintegrations 
per min. The plants were harvested on the seventh day, dried a t  50-60°, 
and then ground in a Wiley mill. This ground material was extracted with 
methanol for three days in a soxhlet extractor, the methanol extract evapor- 
ated to dryness in zacuo, and the residue dissolved in 250 cc. of 2 N sulphuric 
acid. The solution was extracted with a chloroform-ether (4 : 1) mixture 
(Extract A) to remove fats and chlorophyll. The aqueous acid solution was 
made alkaline with ammonia and extracted with more of the same chloroform- 
ether mixture. Evaporation of this second extract gave the crude alkaloids 
containing hyoscyamine and hyoscine (Extract B). The residual aqueous 
alkaline solution (Solution C) contained the water soluble amino acids and its 
relatively high activity was probably due to free unchanged ornithine. The 
activities and weights of these various extracts are shown in Table I. 

The crude alkaloid extract was subjected to paper chromatography, the best 
separation being achieved using Whatman No. 1 paper buffered with phos- 
phate-citric acid buffer to pH 7 with a mixture of n-butanol (80 cc.) and water 
(15 cc.) as the developing solvent, when R,  values for hyoscyamine and 
hyoscine of 0.65 and 0.83 respectively were obtained. The alkaloids were 
detected by spraying with Dragendorff's reagent (17) which brought them 
out by coloring the spots a fairly permanent orange. The paper was assayed 
in 1 cm, strips as previously described (10) with the result show11 in Fig. 2. 
This result suggested that all the activity was present in the hyoscyamine. 
The alkaloids were then separated on a larger scale on a column of celite 
("Hy-Flo Filter cel") which was prepared by shaking celite (15 gm.) with 
chloroform (200 cc.) and N hydrochloric acid (4 cc.), the aqueous layer being 
absorbed on the celite. The crude alkaloids were dissolved in about 20 cc. of 
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LEETE EI'  .-IL.: GIO(;ENESIS OF RLK.4LOIDS. XI I  

TABLE I 
EXTRACTS OF THE D. stranZ0ni~lWI FED WITH DL-ORNITHIPU'E-~-C'' 

Fraction %'eight .4ctivity* 

Fresh plant 
leaves 
roots 
seeds 

Dried plant 
Methanol extract of plant 
Plant after extraction with 

methanol 
Extract A 
Crude alkaloids (Extract B) 
Residual alkaline solution 

(Extract C) 
Pure hyoscyamine 

aurichloride 
Pure hyoscine aurichloride 

277 gm. 
ca. 10 disint./inin./mgm. 
ca. 3000 disint./min./nigm. 
ca. 20 disint./min. /mcrni. . - 

33.3 gni. 
9.94 gm. 6.96 X lo5 disint./min. (total activity) 

23 .4  gm. 28.6 X 105 disint./min. (total activity) 
0 . 4 2  X lo5 disint./min. (total activity) 

142.1 mgm. 0 . 7 8  X 105 disint./n~in. (total activity) 
5.57 X 105 disint./m,in. (total activity) 

13.8 mgni. 1.08 X lo6 disint./min./mi~l. 
11.0 mgm. 0 

*The actiuities were determined as thin samples with a Radiation Coz~nters Laboratory "Nucleo- 
nzeter" making the zisual correctionsfor self-absorption etc. 

1 

2 

a ro 

2 

5 a 
C_ 
5 
I 

LT L 

W 

Y) - 
0 

INITIbL SPOT 
I 

0 2 0  4 0  6 0  8 0  1 0 0  110 

ACTIVITY OF PAPER CHROMATOGRAM 
I N  COUNTS PER MINUTE 

FIG. 2. Paper chromatogram and  its activity. 

chloroform and applied to the top of the column of prepared celite. The 
column was then washed with cl~loroform (350 cc.) which eluted the hyoscy- 
amine as the hydrochloride. Hyoscine was eluted with chloroform saturated 
with ammonia. The crude alkaloids so obtained were converted to their 
aurichlorides arid crystallized to constant activity. The hyoscine aurichloride 
had appreciable activity a t  first, but on repeated crystallization it fell to a 
negligible value. 
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Degradation of the Hyoscyamine 

1. 13ydrolysis 

The highly active aurichloride was diluted with 2.00 gnl. of inactive 1- 
hyoscyan~ine hydrochloride (all subsequent determinatioils of activity were 
corrected for this dilution), the mixture refluxed with 20 cc. of 107, sodium 
hydroxide solution for one half-hour, and the liquor extracted with ether in a 
continuous extractor for 12 hr. The ether extract was dried over sodiunl sul- 
phate and the ether distilled off in vacuo leaving the residual tropine as a 
~r~stal l ine 'sol id,  wt. 1.134 gm., m.p. 45-50". A small amount was converted 
to the picrate, m.p. 291-292'. The residual alkaline solution was acidified 
with hydrochloric acid and again extracted with ether. This second extract, 
after drying and evaporation in vacuo, yielded 1.01 gm. of tropic acid, m.p. 
116-117'. 

2. Oxidation of the Trof i ine 

The active tropine (1.12 gm.) was dissolved in water (23 cc.) containing 
sulphuric acid (7 cc.). Chromium trioxide (7 gin.) dissolved in a little sulphuric 
acid of the same dilution was added, and the resulting solution was refluxed 
in a molten inetal bath for three hours. The mixture was then poured onto ice, 
sodium sulphite was added to reduce the excess chromic acid, and the liquor 
was then extracted with benzene for 48 hr. The benzene extract was dried and 
evaporated to dryness in vacuo a t  rooin temperature; it left a residue of 
N-methyl succinimide (92.9 mgm.), m.p. 67-68', not depressed in admixture 
with an authentic specimen obtained by the method of Menschutkin (15). 
Found: C, 52.78; H,  6.38%. Calc. for C5H702N: C, 53.09; H, 6.28%. 

3. Reaction of the N - M e t h y l  Succinirnide wi th  Pheny l  M a g n e s i z ~ m  Bromide 

Phenyl magnesium bromide was prepared by stirring a mixture of mag- 
nesium (0.72 gm.), dry ether (40 cc.), and bromobenzene (3.5 cc.) until all was 
dissolved. A solution of the active N-methyl succinimide in benzene (20 cc.) 
was then added to the reagent and the mixture stirred a t  room temperature 
for 24 hr. I t  was then added to crushed ice containing concentrated sulphuric 
acid (1 cc.). The ether layer was separated and the aqueous solution was 
further extracted with ether. The combined ether solution was evaporated 
and the residue was distilled in steam to remove unreacted bromobenzene and 
diphenyl. The residual tar in the flask was dissolved in hot alcohol and on 
cooling, colorless plates of 1-methyl-2,5-diphenylpyrrole (35.6 mgn~.)  separ- 
ated, m.p. 196-ZOO0, not depressed by authentic specimen. Found: C ,  87.54; 
H, 6.69; N, 6.17%. Calc. for C17H15N: C, 87.51; H, 6.48; N, 6.00%. 

4. Oxidation of l-Met~~y1-2,5-diphenylpyrrole 
The pyrrole (35 mgm.) was refluxed with potassiuill permanganate (0.5 gm.) 

in water (40 cc.) for eight hours. A few drops of ethyl alcohol were added to 
reduce the excess permanganate, the solution was filtered, acidified with 
hydrochloric acid, and extracted with ether. The dried ether solution on 
evaporation left a residue which crystallized from hot water (wt. 6.2 mgm.), 
n1.p. 119-121°, not depressed by mixture with authentic benzoic acid. The 
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mother liquor from the crystallization of the benzoic acid was made almost 
neutral by the addition of sodium acetate and calcium chloride added to 
precipitate the oxalic acid as the calcium salt. 

The activities of these degradation products of hyoscyamine are shown in 
Table 11. 

TABLE I1 
ACTIVITIES OF HYOSCTA~IINE AND ITS DEGRADATION PRODUCTS 

Compou nd Specific activity 
(disintegrations/min./mM.) 

-- -- --- 
Hyoscyamine aurichloride 
Tropine 
Tropine picrate 
Tropic acid 
N-Methyl succinimide 
1-Methyl-2,5-diphenylpyrrole 
Benzoic acid* 
Calcium oxalate 0 

*The benzoic acid has half the specific activity of the hyoscyamine, tropifie, elc., because two 
molecz~les of benzoic acid nre produced on the oxidation of 1-methyl-2,5-diphenylpyrrole. 

DISCUSSION 

The degradation of the radioactive tropine shows all the activity to be in 
the 1 or 5, or both, positions. The symmetry of the molecule renders it impos- 
sible to differentiate between these bridge-head carbons by chemical methods. 
These experiments thus show that ori~ithine is utilized by the plant for the 
synthesis of the pyrrolidine ring of tropine. Robinson (18, 19) has suggested 
that ornithine is the source of putrescine which by oxidation would succes- 
sively give y-aminobutyraldehyde and succindialdehyde which is an inter- 
mediate in his in vitro synthesis of tropinone. Cromwell (1, 2) has isolated 
putrescine from the leaves of A. belladonna and he observed minor increases in 
the percentage of hyoscyamine following injection of putrescine into the stems 
of the same plant. However, it has been shown in these laboratories (4) that  
putres~ine-l,4-C'~, when fed to  D. stramonium plants a t  a stage of growth 
corresponding to  that in the present experiments, did not give rise to radio- 
active hyoscyamine. Also James (8) has been unable to  decarboxylate orni- 
thine to putrescine with extracts or tissue slices from belladonna under a 
variety of conditions. Putrescine is thus apparently ruled out as an inter- 
mediate between ornithine and tropine. Its presence in various plants would 
seem to represent an alternate pathway of ornithine ~netabolism. 

James ( G )  showed that significant increases in hyoscyamine in A. belladonna 
occurred following the feeding of arginine or ornithine; furthermore he found 
that aerobic oxidation of ornithine in the presence of a belladon~la extract 
yielded a-keto-6-aminovaleric acid (VIII). Also an ornithine dehydrogenase 
has been isolated from Datura tatula (8), which was unable to oxidize putrescine 
and a~llino acids other than ornitl~ine. Furtller discussion of the formation of 
the tropine molecule is merely speculative, although it seellls probable that the 
nest intermediate in the reaction sequence is the compound IX u~hich could 
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then react with a three carbon unit to  give the tropine skeleton, the carboxyl 
group being either retained during the condensation and eliminated later, or 
actually lost during the condensation. Alternatively, the carboxyl group of IX 
may be utilized to  form part of the tropine skeleton by combination with a 
two carbon fragment such as acetate. This, however, is unlikely since it would 
result in the oxygen function of the tropine being on carbon 2 instead of 3, 
i f  the "head t o  tail" combination of acetate is assumed. This could be tested 
by the feeding of carboxyl labelled ornithine, when activity could be expected 
in position 2 of tropine. A biogenetic scheme involving IX \vould result in the  

/ 
COO13 ,COOH / COOH 

VIII IX 

6-nitrogen of ornithine being the source of the tropine nitrogen which could be 
tested by carrying out comparative feeding experiments with 6-N15 and 
a-NJ5 labelled ornithine, when a greater incorporation of NJ5  in the tropine 
molecule should occur in the former case. 

The  present experiments also render improbable the suggestions of Mortimer 
(16, cf. also 20) that the tropane skeleton may be derived from tryptophan. 

Since no activity was found in the hyoscine (scopolamine) it would seem . 
that scopine (X) does not arise by the direct hydroxylation of tropine. I t  is 
possible tha t  it is produced from a hypothetical hydroxyornithine which could 
conceivably be obtained from hydroxyproline, analogous to  the production of 
ornithine from proline (23). 

N-CHj CHOH 
I \ O ' I  , 

CH-CHL--CH? 

T o  complete the picture of tropine biogenesis, or a t  le-ast the pyrrolidine 
half of the molecule, ornithine may arise from proline which in turn may come 
from glutamic acid. This is derived by transamination from a-ketoglutaric 
acid, an intermediate in the tricarboxylic acid cycle. 
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INTENSITY IN THE RAMAN EFFECT 
11. STANDARD RAMAN INTENSITIES AND VIBRATIONAL 

ASSIGNMENTS IN THE CHLOROETHANES1 

The standard intensities of the Raman bands of the chloroethanes without 
rotational isomers (Et ;  1 , l ;  1,1,1; 1,1,1,2; penta, and hexa) have been n~easured 
in the liquid phase with a photoelectrically recording Raman spectrometer. 
Vibrational assignments are proposed which are consistent with the depolar- 
ization data, infrared contours, and a vibrational sum rule. The total Ramail 
intensity is a smooth but nonlinear function of the number of chlorine atoms. 
The sum of the intensities of the bands assigned to hydrogen modes and that  for 
the skeletal modes is also a smooth function of the number of substituents. 

Of the existing theories of intensity in the Raman effect only a semiempirical 
approach of the type developed by Wolkenstein (34) has been used t o  calculate 
the intensities of Raman bands for a homologous series of con~pouncls. The 
Wolkenstein theory is handicapped by rather drastic simplifying assunlptions 
made in developing a model based on bond polarizabilities. For instance it  
is assumed that the polarizability of a particular bond both in the direction 
of its length and a t  right angles to the bond is independent of neighboring 
atoms. Welsh et al. (32) have shown, moreover, that the Wolkenstein theory 
is inadequate for the calculation of Ranlan intensities for the gaseous chloro- 
methanes. I t  is of interest, however, to  examine larger molecules and enquire 
whether there is any evidence for additivity in the Raman intensities of 
vibrations which can be associated with particular bonds or groups of atoms. 

In this investigation the Raman intensities of the chlorosubstituted ethanes 
in the liquid state have been compared. This, of course, has a marked dis- 
advantage over the study of gaseous compounds because of the effect of 
molecular interaction (11, 3) on the Raman intensities. Corresponding investi- 
gations on the chloromethanes, however, show that  the Raman intensities 
measured in the liquid state are not very different from the results obtained 
by Welsh et al. in their vapor phase investigation (32). A point of interest is 
whether the chloroethane molecules may be too small to show evidence of 
additivity because of the strong interaction which must occur between the 
atoms situated on either carbon atom. However, it will be shown that  there 
is evidence for additivity in this series and one might anticipate that  there 
will be an improvement for larger molecules. The vibrational assignments for 
the chloroethanes have been correlated with the Bernstein-Pullin sum rule (4). 

EXPERIMENTAL 

The Raman spectra and depolarization ratios for the chloroethanes were 
obtained a t  27' C. using a White Raman Spectrometer (33) equipped with a 

lAFanztscript received Azigztst 11,  1954. 
Contribution front the Division of Pztre Chemistry, National Research Coztncil, O t h w a ,  Canada. 

Isszted as  N.R.C. No. 3133. Preselzted at the Syn7bosiztm o n  Alolecular Strztctzire. Colztmbus. - A 

Ohio, 1954. 
?Natio7tal Research Cozt~tcil Postdoctorate Research Fellow 1952-1 954. 
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photoelectrical recording unit. The intensities were recorded and reduced in a 
manner previously described (3). All the intensities quoted in the following 
tables are measured relative to the intensity of the 458 cm.-I band of CCI,, 
and corrections are applied for convergence error, density, molecular weight, 
refractive index, etc., to give a series of 'standard intensities of scattering 
per molecule'. The expression used in obtaining the standard intensities is: 

where I = integrated intensity, p = observed depolarization ratio for natural 
light, n = refractive index of compound, cr = spectral sensitivity of phototube 
a t  wave length corresponding to Raman shift, R(+, = reflection loss, M = mo- 
lecular weight, d = density, Av = Raman shift, v = frequency of exciting 
line, T = absolute temperature, aa/aQ = derivative of average polarizability 
with respect to the normal co-ordinate a t  the equilibrium position, ar/aQ 
= derivative of the anisotropy with respect to the normal co-ordinate a t  the 
equilibrium position. All infrared spectra were obtained with a Perkin-Elmer 
model 12c spectrometer. 

Purification of Materials 

Hexachloroethane was purified by a series of crystallizations from alcohol- 
water mixtures. The white solid sublimes a t  188" C. 

Pentachloroethane was obtained by the fractional distillation of a corn- 
mercial sample through a Fenske-type colun~n (nh5 = 1.503). 

Pentachloroethane-d was made by Dr. L. C. Leitch from CDCl = CClp. 
uns-Tetrachloroethane and uns-tetrachloroethane-dz were also obtained 

from Dr. Leitch (ni5 = 1.480). 
Methyl chloroform: A reagent-grade Eastman Kodak sample was fraction- 

ally distilled through a Fenske-type column (ng  = 1.438). 
1,l-Dichloroethane was prepared in a similar manner to methyl chloroform 

(ng = 1.415). 
Ethyl chloride was also an Eastman Kodak sample. Some difficulty was 

experienced in purifying the compound, but it was finally accomplisl~ed by 
distillation under vacuum. 

RESULTS 

In the following sections each compound is dealt with separately. Only 
relative intensities are given for C2Cl6 because it is a solid a t  room temperature, 
but the assignment for this molecule is needed for the sum-rule application (4). 
For the remaining chloroethanes we have reported Raman intensities in terms 
of scattering coefficients per unit volume = (I/I458) . (u/u458) and also in 
terms of S. The observed depolarization ratios, together with the true ratios 
obtained from the linear relationship previously described (3,26), are pre- 
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sented. Where necessary we have obtained infrared data  for use in makiIlg 
assignments. 

Hexachloroethane 

The Raman spectru~n of C2Cls has been reported previously for solutions 
in organic solvents (13) and for the solid (21), from which it has been corlcluded 
that the ~nolecule belongs to the point group D3d. Electron diffraction data  
have confirmed this (22). A11 six liaman-active fundamentals have been 
observed (13,21) but  only two of the five allowed infrared fundamentals have 
been reported. In  the present work we have reinvestigated both the infrared 
and Raman spectra of C2Cls in carbon tetrachloride and cyclopentane solu- 
tions. A third fundamental has been found in the infrared spectri~m and we 
have obtained sufficient combination tones to  allow a reasonable estimate of 
the freq~iency of the two ~nissing infrared bands to be made. The  results are 
given in Tables I and I I. 

TABLE I 
WAVE N U ~ I B E R S  OF FUNDA~IEXTALS OF C?CI5 

Wave 
number TY PC Ptrue Intensity Remarlts 

978 0.40 8 a ,  b 
432 a,,, R. 0.10 100 a ,  b 
1 63 Not observed 

678 a?, I.R. 
376 

12801 k ,  1.R. 
[115] 

The wave nzr?rzbers enclosed i n  brackets are estimated fronl con~bitzation tones. 
aRama?z spectrz~vt, observed i n  solulio?~. 
bRaman spectrum, observed in cyclopentane solzrtio?l. 
cI .R. ,  saturated solz~tion in cyclopentane, .Wac1 optics, 0.6 m m .  cell. 
dl.R., saturated solzrtion i n  CC14, CsBr optics, 1.5 mtn. cell. 
"I.R., saturated solution i n  cyclopentane, CsBr optics, 1.5 mnz. cell. 

The Raman spectrum agrees with previous investigations (13, 21) although 
the band a t  163 cm.-' was not observed because of the presence of a grating 
ghost a t  166 cm.-I. I t  is interesting to note that  v c c  a t  978 cm.-I for this 
molecule is only I5 crn.-l less than v c c  in ethane (15). 

With CsBr optics it was possible to observe the an,-type band a t  376 crn.-l 
and establish that  the two unobserved infrared bands lie below 300 cm.-I. 
In  assigning the infrared bands we have been guided by a calculation reported 
by Simanouchi (28), viz: 

a2, 696, 368 cm.-I; e, 743, 271, 130 cm.-I. 
Further evidence for the assignment of the bands observed a t  678 and 778 crn.-l 
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TABLE I1 
WEAKER INFRARED R A N D S  OF C?C16 

Wave Symmetry 
number Interpretation type Remarks 

A,,' + E ,  
E,' 

A l ,  + E,, 

The  wave numbers  enclosed ,in brackets are eslimated from con1binatio7z tones. 
See Table I f o r  footnoles a ,  b ,  c, d ,  and e. 
J I .R . ,  satzirated solzition i n  CClr, N a C l  optics,  0.1 and  0.G m?tz. cell. 
oI.R., satziraled solutzon in  C?CL, N a C l  oplics,  0.6 711711. cell. 

1% all tables s=strong, m=mediz im,  w =weak,  b =broad, v =very, sh =shozilder. 

was obtained from an inspection of band widths in dilute solution. For 
example, we find that  the al-type band a t  667 cm.-' of CHC13 in inert solvents 
is narrower than the e-type band a t  760 cm.-'. Similarly in CH3CCl3 the 
al-type band a t  526 cm.-l is narrower than the e-type band a t  720 cm.-I. 
In CzCIG we find the half-band widths to be 14 C I ~ . - '  for the 678 cm.-' band 
and 20 cm.-I for the 778 cnl.-l band, consistent with the assignment. 

In attempting to  estimate the low lying infrared-active fundamentals from 
the observed combination tones the values of 115 and 280 cm.-' are indicated. 
These are not inconsistent with the values recently calculated by Cleveland (7) 
a t  138 f 20 cm.-I and 270 f 20 cm.-I. Furthermore, a weak depolarized 
Raman band in the spectrum of liquid CzCI6 a t  271 cm.-' has been found by  
Daasch (9). I t  is difficult to account for this band in terms of combination or 
difference tones of the proposed fundamentals, but  if the band is attributed to  
an e,-type rnode appearing in the Raman effect because of a breakdown of 
selection rules, the explanation is consistent with the present assignment. 

The  wave number of the torsional mode (al ,  which is inactive in both 
infrared and Raman) is estimated to  be a t  -50 cm.-' since in CHCle . CCl, 
it is observed a t  82 cm.-I and in CH2CI. CCl3 it is observed a t  117 cm.-'. 
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Pentachloroethanc and Pentachlorocthane-d 

Pentachloroethane belongs to the point group C, and has 11 a'-type funda- 
mentals which are polarized and 7 a"-type fundamentals which are depolarized. 
The a'-type fundamentals can be characterized approximately as  one vex, 
one B C R ,  one v c c ,  three vccl ,  and five skeletal deformation vibrations. The 
a"-type fundamentals con~prise one vcn, two v c c l ,  three skeletal deforn~ations, 
and the torsional mode. When the present investigation was begun there was 
not a complete vibrational assignment for pentachloroethane but concurrently 
Nielsen and Liang (23) have published a complete assignment which proved 
to be identical with our results. 

The  Raman and infrared spectra of C2HC15 are presented in Table 111, the 
upper field lists the fundamentals and the lower field contains only combination 
tones. The  corresponding data  for C2DC15 are collected in Table IV. 

TABLE 111 

CzHCls 

I 

Approsi- 
Wave mate - 

number character pobs. Ptrue S S 
Wave Optical .%ssign- 

number Intensity densityd n ~ e n t  

VCH 
B~~ 
BCH 
VCC 
"CCl  
"CCl  
"CCl  
"CCl  
"CCl  

Skeletal 
deforma- 

tions 

Torsion 

oRat~ tan ,  pure l iquid,  reflection loss R( , )  = 1.09. 
*I.R., pare liquid, fVaC1 optics, 0.025 m m .  cell. 
cI.R., cyclopentane solution, CsBr optics, 1.5 mm. cell. 
dI.R., intensity of 5y0  solution in CS2, NaCl optics, 0.025 ntm. cell. 
1V.o. = not observed. 
N.i. = not investigated. 

In both compounds only 17 out  of a total of 18 fundamentals are observed. 
T o  account for the missing fundamental, Nielsen et al. (23) have chosen the 
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TABLE IV 

CaDCls 

I 

Approxi- 
Wave mate 

number character pobs. ptrue 3 S 
Wave Optical Assign- 

number Intensity densityd ment 

2230 VCD 

1053 vcc 
948 6cD 
927 6CD 
808 ~ C C I  
781 vcci 
756 vcci 
708 ~ C C I  

PCCl $1 238 deforma- Skeletal 

226 tions 
175 
165) 
82 Torsion 

a' 
.'I' 

a'' 

a' 
a' + a" 
a' 
a'' 
a' 
a' 
a'' 
a'' 

V.W. 327 + 756 
V.W. 226 + 808 
V.W. 

w.b. 82 + 780 
V.W. 404 + 327 

W. 
780 - 327. 
175 + 279 

W. 707 - 279 

- 

°Raman,  pure liquid, rejiection loss R(.) = 1.09. 
bI.R., pure liquid, NaCl  optics, 0.025 nznz. cell. 
cI.R,, cyclopentane solution, CsBr optics, 1.5 mm. cell. 
dI.R., intensity of 5% solzrtion i n  CS2, NaCl  optics, 0.025 mnz. cell. 
N.o. = not observed. 
N.i. = not investigated. 

band a t  328 cm.-I to be double because of its high depolarization ratio of -0.80. 
Quite independently we have chosen this band to be double because on com- 
paring the spectra of the light and heavy compounds the contour of this band 
changes whereas the contours of the bands a t  225, 238,278, and 405 cm.-I are 
unchanged. The half-band width of the 328 cm.-I band is in fact -10% 
greater in C2DC15 and its peak height is -10% less than in C2HClS. 

A comparison of the spectra of CzHC15 and CtDC15 shows that there is no 
difficulty in matching the corresponding vibrational modes except for vcc. 
Although vcc  in the d-compound is a t  higher wave numbers than in the light 
compound, by elimination there remains little choice for its assignment. The 
other noteworthy feature is that the Kaman band a t  836 cm.-I is not observed ' 
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Approxi- 
Wave mate - 

number character pobs. ptrue S S 

in the infrared spectrum of CzHClS; in the d-comp~untl  the Corres~~ondillg 
band a t  808 cm.-l is strong in both the infrared and Raman spectra. 

The  assignments given above are  acceptable from the point of view of the 
Teller-Redlich product rule (14) for isotopic substitution. T h e  observed 
product ratio is 2.59, whereas the theoretical ratio is calculated to  be 2.64. 
Using the Bernstein-Pullin sum rule (4) for isotopic substitution the calcu- 
lated difference between the sums of the wave numbers of the fundamentals' 
( Z V ~ ~ ~ ~ ~ ,  - Z V ~ , ~ ~ , , )  should be -1300 cn1.-'; the observed difference is 
1417 cm.-l. 

Tetrachloroethane and Tetrachloroethane-dn 

Tetrachloroethane also belongs to the point group C,. The a'-type funda- 
mentals can be characterized approximately as  one VCH, two ~ c H * ,  one v c c ,  
three v c c , ,  and four skeletal deformation vibrations; the a"-type comprise 
one VCH, two B C H 3 ,  one veer, two skeletal deformations, and the torsional mode. 

TABLE V 
CH?CI. CCla 

brave Optical Assign- 
number Intensity densityd ment 

Ramana 

'CH 
'CH 
GCHZ 

GCH? 
"CC 
&CH? 
'CCI 
'CCI 
'CC l 
'CCI 

Infrared" 

Skeletal 
deforma- 

tions 

Torsion 

- 
.Raman, pure liquid, refEection loss R(,,) = 1.02. 
bI.R., pure liquid, N a C l  optics, 0.02 mm. cell, cf. Bernstein ( 1 ) .  
cI.R., pure liquid, CsBr optics, 2.0 mm. cell. 
dI,R., intensity of 5Yo solution i n  cyclopenlane. NaCl oplzcs, 0.025 mm. cell. 
N.i. = tzot invesligated. 
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Bernstein (I) nlade a tentative assignment of CH2C1 . CCl, and CD2C1 . CCI, 
on the basis of the infrared spectra of the two molecules together with the 
Raman spectrum of CH2CI . CC13 reported by RlIizushima et al. (20). We have 
reinvestigated both compounds and our results are presented in Tables V and 
VI. An identical assignment for CH2CI. CCIJ has since been published by 
Nielsen et al. (23). 

In assigning the fundamentals for CD2CI . CCl3 several points of interest 
arise. A comparison of the depolarization ratios and intensities suggests that  

TABLE VI 

Ramana 1 Infrared" 

Approxi- 
Wave mate 

number character fobs 

2154 0.35 
1105 6 0.70 
1036 vcc 0.65 
960 ~ C D ,  1 .OO 
935 ~ C D ,  1 .oo 
787 vccl 0.80 
728 VCCI or 6cD2 0.50 
685 d c ~ ,  or vccl 0.40 
660 vccl 1.00 
529 vccl 0.29 
379 Skeletal 0.33 
305~1 deforma- 1.00 
2 4 0 (  tions 0.90 
158 ) 0.85 
117 Torsion '-1 .OO 

Wave 
number Intensity 

Optical Assign- 
densityd ment -- 

a" 
ermi doublet + 2 X 1105 

a' = 2190 
0.026 a" 
0.013 a' 
0.064 a' 
0.199 a' 
0.318 a' 
0.166 a" 

a' 
a" 
a' 
a' 
a" + a' 
a' + a" 
a' 
a" 

aRa?tzan, pure liqtrid, reflection loss, R(,,) = 1.02. 
V.R., pure liquid, NaCl optics, 0.025 mm. cell. 
cI.R., cyclopentane solution, CsBr oplics, 2.0 mm. cell. 
dI.R., intensity of 570 solutio~z i n  CS?, NaCl optics, 0.025 inm. cell. 
~305 cm.? i s  taken as a doublet, see text. 
N:i. = not i?zvestigated. 
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the band a t  728 cm.-l is a deuterium deformation mode rather than a C-CJ 
stretching mode. In the low lying region we find that  the bands a t  117, 157, 
and 380 cm.-l appear in both spectra a t  the same positioils and with approxi- 
mately the same intensities. The band a t  240 c~n.-' in CD2Cl . CC13 increases 
in band width by about 40% with no change in the integrated intensitj-. With 
narrow slits (1.5 cm.-I) it  is possible to see a shoulder on the lower wave 
number side of this band indicating that the band a t  240 cm.-' in CI42CI . CCIB 
is indeed double. Further, the band a t  334 c~n.-' in CH2CI . CC13 is absent in 
the spectra of CD2CI. CC13, and the band a t  305 cm.-I in the d-compound 
increases in intensity. In fact, the sum of the Raman intensities of the 305 
and 334 cm.-I bands in the light compound is approxin~ately equal to the 
intensity of the 305 cm.-I band in the d-compound. I t  would seem therefore 
that the band a t  334 cm.-I has shifted to 305 cm.-l on deuteration and this 
band is therefore associated with a skeletal deformation mode involving the 
CHzCl group. 

The assignme~its given in Tables V and VI give a value of 6.8 for the isotopic 
product rule ratio; the value calculated from theory is 7.04. The Bernstein- 
Pullin sum rule for isotopic substitution predicts a difference of 2600 crn.-l 
between the two sums, Z V ~ , ~ , ~ , ,  and Z V ~ , , , ~ ~ . ;  the observed difference is 
2830 cm.-I. 

Methyl  Chloroform 
We have reinvestigated the Raman spectrum of methyl chloroform and 

conclude that the most recent assignment is acceptable (29). Our results are 
given in Table VII. 

TABLE VII  
CHICCLI 

Rarnann 

Wave Approsinlate 
number character P o b e  Ptrue 3 S Assigninent 

"CCl3 
s. d 
Torsion 

"Rama?z, pure liqzrid. RefEectlo?~ loss, R ( , , )  = 1.06. 
bEstitirated from thermudynamic data,  Ref.  10. 
N.o. = not observed. 
S. d = skeletal deformation. 

The Raman band a t  1069 cm.-l is assigned as vcc and seems to be in agree- 
ment with the general trend in the series CzHSCl- C2HCIS. This accounts 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

11
8.

97
.2

11
.1

8 
on

 0
9/

04
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ALLEN :lArD BERNSTEIN:  Ii\"TENSITY I N  THE RAMAN EFFECT 1133 

satisfactorily for all the a l  fundamentals. Only one e-type fundamental is 
uncertain and we have taken Nielsen's assignment (29) in this case. Although 
this band a t  301 crn.-' was not observed in the present investigation it has 
been observed by Nielsen et al. (29), Kohlrausch (17), and Wagner (31). 
Recently Pitzer and Hollenberg (25) have obtained the far infrared spectrum 
of CHjCCla and have not observed any absorption around 300 cm.-I. From 
their data they conclude that this e-type fundamental should be a t  351 cm.-l 
and the torsion mode has a frequency of -200 cm.-l. The calculated value of 
the potential barrier hindering internal rotation is -3000 cal. jmole from these 
data. If 301 cm.-I is taken as the frequency of the fundamental the calculated 
potential barrier is 2000 cal./mole and the torsion frequency is estimated a t  
170 cm.-l. The assignment given by El-Sabban et al. (10) gives 2800 cal. jmole 
and 205 cm.-l respectively. All assignments give a value for the potential 
barrier some 1000 cal./mole lower than has been obtained for ethyl chlor- 
ide (12). I t  might be expected from steric and additivity considerations that 
the barrier in methyl chloroform should be higher than in ethyl chloride but 
this simple model ignores the possibility of a redistribution of electronic charge 
in the two molecules. I t  is quite conceivable that electrostatic forces resulting 
fro111 such a change could reduce the height of the barrier. In view of this 
uncertainty we feel that one cannot discriminate between the assignments by 
considering the values derived for the potential barrier hindering free rotation. 

1,l-Dichloroethane belongs to the point group C, and the a'-type vibrations 
comprise three v c ~ ,  four 6CIx, one vcc ,  one vcc l ,  and two skeletal deformations. 
The a"-type vibrations include one V C H ,  three SCH, one vcc l ,  one skeletal 
deformation, and the torsional mode. The Raman spectrum of 1,l-dichloro- 
ethane has been investigated several times (24, 6, 18) but no depolarization 
data have been reported. Thompson and Torkington (30) have reported the 
infrared spectrum from 3000 to 600 cm.-l and have made a tentative assign- 
ment based on a correlation of Raman and infrared data. The results of our 
investigations are given in Table VIII. 

The assignment of vo a t  2989 cm.-I is made by analogy with CHC12.CC13. 
This a"-type band appears slightly polarized because it is overlapped by the 
polarized band a t  3007 ern.-l. The 6CIx modes are assigned to bands a t  1224 
cnl.-l and 1276 cm.-I, again by analogy with CHC12 . CCI3, and the 6,,, modes 
are chosen to be 980,1056, 1380, and two a t  1440 cm.-I. Support for the assign- 
ment of the 1440 and 1380 cm.-l bands is obtained from the fact that in 
CH3CC13 there is a doubly degenerate fundamental a t  1430 cm.-l and an 
al-type band a t  1380 cm.-I; furthermore, the 1440 cm.-l band in CHCl,CCl3 
is broad and has more than twice the intensity of other ?iCH, bands. 

v c c  can be assigned either to 980 cm.-I or to  1088 an.-' since they are 
both polarized; we have chosen the 1088 cnl.-l band in keeping with the 
assignment of the other chloroethanes where v c c  is in the 1050 cm.-I region. 
There are two vcc l  modes, one polarized and the other depolarized, which are 
assigned to the strong bands a t  643 and 690 cm.-I respectively. The three 
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TABLE VIII 

CHSCHCI? 

I 

Approxi- 
a mate - 

number character pob6. Ptrue S S 
Wave Assign- 

number Intensity ment 

- 
1056 6 c ~ ~  1 .00 0.86 0.032 0.051 
980 6cH3 0.92 0.78 0.058 0.087 
690 VCCI 1.00 0.86 0.266 0.251 

VCCI 0.29 0.16 0.459 0.616 
Skeletal 0.30 0.17 0.162 0.112 

0.81 0.104 0.035 
0.78 0.64 0.280 0.084 

N.o. Torsion 
- 

"Raman spectrum, pure liquid, rejlection loss, R(,,) = 1.13. 
bZ.R., pure Eiqziid, LiF optics, 0.12 mm. cell. 
cZ.R., pure liquid, NaCl oplics, 0.18 mm. cell. 
N.o. = not observed. 
N.i. = not investigated. 

intense Raman bands in the 300 cm.-I region are assigned to skeletal de- 
formation modes according to their depolarization ratios. 

After this work had been completed we became aware of the Progress 
Report for the U.S. Atomic Energy Commission (June 1953) subnlitted by 
J .  R. Nielsen which included the Raman and infrared spectra of 1,l-dichloro- 
ethane. The assignment reported therein by Nielsen, Lang, and Daasch is 
identical with our independent assignment. 

Ethyl Chloride 

This n~olecule also belongs to the point group C, and in this case the nr-type 
vibrations comprise three V C H ,  five 8CH, one v c c ,  one vcc l ,  and a skeletal de- 
formation mode. The a"-type vibrations are made up of two V C H ,  four aCH,  
and the torsional mode. The Raman spectrum of liquid C2H5CI has been 
reported (16) but only one infrared investigation (8) could be found; this was 
a study of C2HsC1 vapor using rock salt optics. Linnett (19) and Gordon and 
Giaugue (12) have both made tentative assignments for the molecule for the 
purposes of calculatjng thermodynamic functions and consequently little 
attention was directed to the assignment of bands in the 1000-1500 cn~.-' 
region. We have obtained the infrared spectrum of the solid and the liquid 
(cf.  Fig. 1) in the regions 700 cm.-I to 1500 cm.-I and 2800-3500 cm.-'. All 
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FIG.  1. Infrared spectrum o f  ethyl chloride. 

T A B L E  IX  

CHJCH~CI 
Observed spectra (in cm.-') - 

Ramana Raman* I.R.= I .R.d I.R.< 1.R.' Assign- 
liquid liquid vapor vapor liquid solid ment 

( 8 4  
-3015 (m) 3023 ( m )  a" 

2978 (0)  2981 ( s )  2983 (s )  a" 
2966 (8,  P )  2966 (12, p) a' 
2932 (8,  P )  2933 (12, p) 2940 2936 (s )  a' 
2877 (4,  P )  2880 (5,  P )  2883 ( m )  2875 ( m )  a' 
1447 (4,  P )  1452 (23, p) 1455 1454 1454 (s )  1452 (s )  a' + a'' 

-1140 ( m )  -1420 (w) a" 
1400 1395 

1385 (36, d)  -1380 (3b, d)  1375) 1380 (nil 1380 ( m )  a' 
1305 ( w )  -1310 ( w )  2 X 658 

12971 1295 (s)  
1281 (0 ,  b) -1280 ( f b ,  p) 1285 12781 1282 (s) 1279 ( s ) )  a' 
1238 (0 )  1244 ($, p) 1245 (w) 1242 (w) a' 
1071 (3,  P )  1072 (1 ,  p) 1071 ( m )  1073 (w) a' 

985 (\\I) 9%) 968 (s )  
985 (w) a" 

968 (3,  P )  970 ( l % b ,  p) 970 968 ( s )  a' 
947 (w) 947 (w) 

N.o. N.o. 790 783 783 (s) 580 (s )  a" 
656 (10, P )  658 (10, p) G60 N.i. N.i. N.i. a' 
439 ( 3 )  
335 (5,  P )  335 (2,  p) N.i. N.i. N.i. N.i. a' 

- 
.Ref. 8. 
dPrese?tt investigation, 400 mnr. pressure, NaCl optics, 10 cm. path. 
<Present investigation, -25" C., NaCl and LiF optics, 0.025 mnz. cell. 
(Present i?zvestigatiott, -180" C., NaCl and LiF optics, thin deposit. 
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the experimental data are collected in Table IX,  and the Raman intensities 
are presented in Table X. 

TABLE S 

N.o. ~ C H ?  
-1380 SCH, 1 .O 0.86 0.012 0.023 
-1280 GCH2 0.5 0 . 4  0.024 0.047 

1244 ~ C H ?  0 .4  0.3 0.030 0.072 
1072 vcc 0.45 0.32 0.066 0.127 
N.o. ~ C H J  
970 6cH2 0.88 0.74 0.072 0.095 

N.o. 6 ~ ~ s  
658 VCCI 0.39 0.26 0.571 0.627 
335 s.d. 0.56 0.42 0.124 0.049 

N.o. Torsion 

Approxi- 
Wave mate - 

number character pobs. Ptrue S S 

111. a" 
S .  a" 

a. ' 
S. a' 
m. a' 
5 .  a' + a" 
nl (sh) a" 
m . a' 
S .  a' 
\v . a' 
\v . a' 
u-. a" 
s .  a' 
S. a," 

a' 
a' 
a" 

Wave Assign- 
number I~ltensity ment 

- 
aRamalz, pure liquid, reflection loss, R(,,) = 1.20. 
bI.R.,  LWz~id at -25" C.. ATaCl a~ld  LiF ootics. 0.026 n17n. cell. 
N.o. = not observed. 
N.i. = not investigated. 

Only four Y C H  bands have been observed hitherto. We observed the fifth 
a t  3023 cm.-l in the Raman spectrum of the liquid and a t  -3020 cm-l in the 
infrared spectrum of the solid corresponding to the shoulder a t  -3015 cm.-I 
in the infrared spectrum of the liquid. The five vcH modes are assigned 
according to their depolarization ratios. The v c c l  and a c c l  modes are un- 
doubtedly the low lying bands a t  658 and 335 cm.-l respectively. v c c  is 
assigned to the polarized band a t  1072 cm.-I. There are nine hydrogen de- 
formation modes to be assigned, five of species a' and four of species a". 
Three of the bands should lie in the 1450 cm.? region, two associated wit11 
the methyl group of type a' and a", and one a"-type fundamental from the 
methylene group. These are assigned to the 1450 and 1420 cm.-I bands re- 
spectively. The 1380 cm.-l band is probably an a'-type methyl group funda- 
mental by analogy with CH3CC13 and CH3CHC12. The five remaining de- 
formation vibrations observed a t  1282, 1242, 985, 970, and 780 c~n.-' are 
assigned in Table IX. 

I t  is of interest to note that the liquid band a t  1282 cm.-l appears as a 
doublet in the infrared spectrum of the solid. A similar splitting has been 
reported recently by Brown and Sheppard (5) for solid ethyl bromide. 

The infrared and Raman spectrum of liquid ethyl chloride together with 
an assignment of the fundamental modes has also been reported by Nielsen, 
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Liang, and Daasch in the Progress Report of the U.S.A.E.C. (cf. section on 
CH3CHCl2). Our assignment for the C-H modes cliffers from that reported 
by Nielsen, Liang, and Daasch.'In the v c ~  region these authors have assigned 
the infrared band a t  3010 cm.-I and the Raman band a t  2980 cm.-I to the 
same vibrational mode since they do not observe the Raman band a t  
3020 cm.-l. Similarly the infrared band a t  2985 cm.-I is identified with the 
Raman band a t  2965 cm.-l. The assignment given in Table IX is preferred 
because the discrepancies in the positions of corresponding bands in the 
Raman and infrared spectra have been removed. The weak band a t  2880 cm.-l 
can now be explained as the overtone of 1452 cm.-'. Consistent with the 
assignment of 1,l-dichloroethane and uns-tetrachloroethane .we assign two a" 
and one a' type in the 1450 cm.-I region. This requires that the band a t  
1242 cm.-l is of type a'. Nielsen, Liang, and Daasch assign two a' and one a" 
type nlodes in the 1450 cm.-I region and consider 1242 cm.-I to be of type a". 

Ranzan Intensities 
In the expression used for obtaining standard intensities w-e have not 

attempted to account for the reduced masses corresponding to the various 
vibrational modes. In Table XI intensity contributions froin the hydrogen 

TABLE XI 
RAMAN INTENSITIES FOR CHLOROETHANES AT 27' C. 

ZS 

stretching and bending modes, from the chlorine stretching and bending 
modes, and from the C-C stretching mode have been summed for each 
molecule studied in this investigation. The total Raman intensity Z S  (where 
S is defined as on p. 1125) is also given in the table. The values of ZS are plotted 
against the number of C1 atoms per molecule in Fig. 2. I t  will be noticed that  
within the limits of experimental error (&lo%) all the points lie on smooth 
curves. 

There is some evidence in these results for additive contributions fro~n 
particular groups in the chloroethane series. For instance, the intensity conti-i- 
bution from v c c l  modes in CH3CC13 is 1.38 units and in CH3CH2C1 is 0.63, 
from which we estimate the intensity contribution from v c c l  modes in 
CC13CH2CI to be 2.01 units. The observed value is 1.83 units. For CC13CHC12 
the computed value is 2.25 units coincident with the observed value. The same 
order of agreement is found for vc, modes. There is no evidence for additivity 
among cleformation modes. 
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TS (for hydrogen modes) 

4 ZS (for skeletal modes) 

-0 

No. of CL Atoms 

FIG. 2. Standard Raman intensities in chloroethanes. 

TABLE XI1 

R A ~ I A N  IXTENSITIES FOR LIQUID CHLOROMETHANES AT 27' C. 

CCIqa CHCljb C2H2CI?c 

Wave \Nave Wave 
number pobs. S number pobs. S number poba S 

~RefEection loss, R(, ,)  = 1.00. 
bRefEection loss, R(,,) = 1.06. 
~RefEection loss, R(,,) = 1.10. 
N.o. = not observed. 
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TABLE XI11 
RAMAN INTENSITIES  FOR CHLOROMETHANES 

CCl, Vapor 0.428 2.04 
Liquid 0.457 1.79 

Vapor 
Liquid 

CHzClz Vapor 0.108 0.900 0.168 3.28 4.46 
Liquid 0.119 0.874 0.333 4.50 5.83 

CHsCI Vapor 
CHr Vapor 

The only other data for Raman intensities in a homologous series are those 
reported by Welsh et al. (32) for the gaseous chloromethanes. In Table XI11 
we present their data reduced to our standard intensity scale*, along with our 
results for three liquid chloron~ethanes (cf. Table XII) .  These data  are plotted 
in Fig. 3. The general features of the curve are the same as for the chloro- 
ethanes; in both cases intensity contributions from C-H modes are much 

0 X S  VAPOUR 

x X S  LIQUID 

NO. OF CL ATOMS 

FIG. 3. Standard Raman intensities in the chloromethanes. 

*The reduced integrated intensities ( i x )  reported by Welsh and Crawford include (Qo)? = A/8n2cvA 
(cf. p. 580,  Ref .  32). They are reduced to our scale by the following tratzsformation 

i x  X V X  

where subscribt v i  refers to the R a m a n  l ine  zclzder con side ratio?^ and where subscribt L58 refers to . .  . 
the line at 458 & - ; i n  CClr. 
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larger than the contributions from C-Cl modes. I t  is difficult to  tell whether 
the inflection in the chloromethane curve for intensities in the vapor phase is 
real (13), since it  does not occur in the liquid phase results. 

Application of the ZV Rule to the Chloroethanes 
The constitutive properties of the substituted ethanes are given in terms of 

five parameters (2) .  For the compounds studied in this investigation the zv 
for all modes can be expressed in the following manner: 

C2Cls : Zv = P 
C2HC15 : Z v  = P + a  
C2H2Cl4: Zv = P + a + p 
C2H3C13: Zv = P + 3P 
C2H4C12: Zv = P - 2a + 3P + y + 26 
CzHsCl : Zv = P - 5a + 4P + 2y + 46 
C2H6 : Z v = P - 9 a + 6 / 3 + 3 y + 6 6 .  

The nomenclature of Ref. 2,  which includes rotational isomers, has been 
used here. Since there are no rotational isomers in the above molecules, the 
parameters are reduced to four, viz., P ,  a ,  /3, ( y  + 26). 

Since the assignments for C2H6, C2H4C12, C2H2C14, and C2HC15 are less 
ambiguous than those for the other molecules the Zv for these molecules have 
been used to evaluate the parameters. A further requirement of the model 
from which the sum rule was derived (2)  is that the second difference of Zv for 
the parabolae containing the points CzHc, CzHsCl, CZH4C12, C2H3C13, and 
C2H3C13, CzH2Cl4, C2HC15, and CzC16 is the same as that  for the chloro- 
methanes. The value of this second difference (a  - P)  is taken as 450 cm.-I 
based on the least squares fitting of Zv for the chloromethanes (4). We have 
four data from which to evaluate three unknowns and have accomplished this 
by the method of averages in which the sum of the residues is made zero (27). 
This yields 

P = 7927, a = 4493, f i  = 4043, (7 + 26) = 13255. 
With these values of the parameters the Zv for C2Cl6, CSH3C13, and C2H5Cl 
have been calculated and compared with the observed sums in Table XIV. 

TABLE XIV 

Zvobs.O, Zvcalc., Obs. -talc., 
Molecule cm.-I cm.-I cm.-I 

 for purposes of the compzitation the following values for the torsional nrodes have been .rrsed: 
C?C& = 60 cm.-I, CHJCI, = 200 cnz.-l, CzHdCI2 = 225 cm.-I, CZH~CL = 250 cm.-l. 

bRef. (29). 
cRef. (25). 
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The application of the S ~ I N  rule to CzHSC1 indicates a satisfactory assign- 
ment whereas the value of ZY obtained from the assignment of Nielsen et al. 
would be 27950. ?'he calculated and observed sums for CzClc are in satis- 
factory agreement and the calculated sum for C2H3C13 is not inconsistent with 
either the Nielsen (29) or the Pitzer (25) assignments. 
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NOTES 

S O M E  A S P E C T S  O F  T H E  T O L U E N E  P Y R O L Y S I S '  

The extensive use of the toluene carrier gas technique by Szwarc (7, 8) and 
co-workers has attracted wide interest (1, 2 ,  4, 6) in the mechanism of the 
pyrolysis of toluene in the past few years. The  present note is concerned with 
the reactions of hydrogen atoms with toluene-d3 and of benzyl radicals with 
fi-fluorotoluene. 

REACTION OF HYDROGEN ATOMS WITH TOLUENE 

According to Szwarc, radicals in general react with toluene in the following 
manner: 

R' + CsH5CH3 --t R H  + CsH5CH2' [1I 
2CsH5CH2' 4 C14H14 [z  I 

He found i t  necessary, however, to  propose an additional mechanism for 
the reaction of hydrogen atoms with toIuene since methane as  well as  hydrogen 
is a product of the pyrolysis of toluene. Two radically different mechanisms 
might be proposed for the production of methane in this instance. 

Since the ratio of H2 to  CH4 in the products is independent of temperature, 
it follows that  either E3 = E6 or E.L = E5.  Szararc reasoned tha t  the activation 
energy for the over-all decomposition (77.5 kcal./mole) was too low for E6 
and hence assumed that  mechanism I was responsible for the methane pro- 
duction. Recent studies on the kinetics of the pyrolysis ( 2 )  and on the photo- 
brornination (1) of toluene suggest tha t  this activation energy may not be 
reliable and hence that nlechanism I1 cannot be ruled out by this argument. 

Szwarc ( 5 )  has produced hydrogen atoms by the pyrolysis of n-propyl 
benzene in the presence of toluene and found both hydrogen and methane in 
the products in roughly the same proportion as in the toluene pyrolysis. 

'Issued as N.R.C. No. 5418. 
?National Research Council of Canada Posldoclorale Fellow 1962-1964. 
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BLADES AND STEACII<: TOLL.ENE PYROLYSIS  1143 

I t  is conceivable, however, that propyl benzene, like propane, might decom- 
pose by a molecular ~nechanism into methane and the corresponding olefin. 

C3Hs --t CH, + C2H4 
C G H ~ C ~ H ,  -+ CH, + CsH,CHCI-I? 

By carrying out the pyrolysis of n-propyl benzene in an excess of toluene-d3, 
it was hoped that further light might be thrown on the mechanism of the 
decomposition of propyl benzene and on the reaction of hydrogen atoms with 
toluene. 

The "toluene-d3" was prepared in these laboratories by Dr. L. C. Leitch 
and was found to contain 66% d3, 29% d2, and 5% dl toluene. The propyl 
benzene was pyrolyzed a t  995" I<., a t  a total pressure of 1.7 cln. Hg, a contact 
time of 0.45 sec., and a toluene to propyl benzene ratio of 40 to 1, in an appn- 
ratus similar to that described previously (2). Under these conditions the 
propyl benzene was about 30% decomposed, the products being hydrogen, 
methane, ethane, ethylene, benzene, and bibenzyl. Mass spectra of the various 
fractions indicated: 

Hz: H D :  D:! = I :  1 :  - 0  
CD4: CD3H: CDnH? = 1 :  1.5: 1. 

The benzene was mostly C6H6 but small percentages of C6H5D ma)- also 
have been present. 

The production of deuterated methanes in this pyrolysis rules out the intra- 
molecular production of methane in the propyl benzene pyrolysis and confirms 
Szwarc's belief that hydrogen atoms produce methane when reacting with 
toluene. The fact that he also found roughly the same H 2  to CHI ratio in the 
decompositions of both toluene and n-propyl benzene is strong evidence that 
mechanism I1 is unimportant in the toluene pyrolysis. 

Szwarc has suggested two n~ecl~anisn~s for the production of methane when 
hldrogen atoms react with toluene. With deuterated toluene these are: 

111 H' + CsHsCDo -+ C G H ~ '  + CD3H 
C G H ~ '  + C6145CDa --t CsH5D + CGH~CD? '  

IV H' + CsH5CD3 4 CD3' + CsHs 
CD3' + C6HsCD3 + CD4 + CCH5CD2'. 

Thus with the deuterated toluene used here, ~nechanisnl I11 would give 
CD3H, CD2H2 etc., CBH5D, and C6H6 while mechanism IV would give CD4, 
CD3H etc., and C6H6. The production of CD4, CD2H etc., and C6HE in the 
present experiments is then good evidence for mechanism IV but I11 ma;, 
contribute to a minor degree. 

The ratio of H2 to H D  is surprising in view of the fact that the side chain 
of the toluene was 87y0 deuterated. This leads to  the suspicion that hydrogen 
atoms may be abstracting from the ring as well as from the side chain. Trot- 
mall-Dickenson and Steacie (9) give data for the relative rates of abstraction 
from benzene and toluene by ~uetlzyl radicals a t  450" K. On extrapolation to 
1000" K. these data suggest that about 10yo of radicals will abstract from the 
ring in normal toluene, and with toluene deuterated on the side chain this 
percentage would certainly be higher. 
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IiEACTION O F  BENZYL RADICALS WITH p-FLUOROTOLUENE 

The relative unreactivity of the benzyl radical is the basis of the so-called 
"toluene carrier gas technique" for studying free radical decomposition re- 
actions. In a high mole ratio of toluene to decomposing conlpound, a radical 
will tend to react preferentially with toluene to give RH and a benzyl radical 
(reaction [I]) thereby converting a reactive radical into a inolecule and an 
inert radical. Under the correct conditions of concentration and temperature, 
these benzyl radicals will dimerize to bibenz~ll. Since the technique has been 
used a t  temperatures where bibenzyl would be expected to decompose rapidly 
however, it would be possible for abstraction reactions of benzyl to conlpete 
with the dimerization process. To  test this, some studies on the relative rates 
of the reactions 

CsH5CH2' + p-CsH4FCH3 -+ C6H5CH3 + C6H4FCHn' [g] 
and 2CsHbCH2' -+ C14H14 [gl 
have been attempted by pyrolyzing bibenzyl in the presence of an excess of . 
p-fluorotoluene. 

The apparatus for the pyrolysis of bibenzyl was similar to that referred to 
above. The bibenzyl was introduced by passage of the p-fluorotoluene over it 
a t  110" C. The major products were mix t~~res  of fluorinated bibenzyls which 
were pumped free of p-fluorotoluene a t  0" C. Quantities of hydrogen (8070) 
and inethane (20%) were produced varying from 1 to 5% of the bibenzyl 
passed through the reactor. 

Analysis of the bibenzyl fraction was attempted from its infrared absorption 
spectrum in CS? solution. Unfortunately, different absorption bands gave 
radically different analyses and the conclusion was reached that monofluoro- 
bibenzyl was also a product along with the di-p-fluorobibenzyl. Analyses were 
thereby limited to conlbustion of the mixture and this is unsatisfactory for 
kinetic data. A typical run a t  994" I<., contact time of 0.253 sec., pressure of 
1.35 cm. Hg, and mole ratio of p-fluorotoluene to bibenzyl of 50 to 1 yielded 
the information that the equivalent of 35% of the bibenzyl was converted to 
di-p-fluorobibenzyl. 

The following reaction scheme is consistent with the observatioils i f  the 
small amounts of H z  and CHI are neglected. 

The production of fluorinated bibenzyls confirms the belief that reaction [11] 
will compete favorably with the reverse of reaction [lo] in the neighborhood 
of 1000" I<. ~lnder conditions commonly used in the toluene carrier gas tech- 
nique. 

GENERAL CONCLUSIONS 

I t  has been demonstrated that methane is a product of the reaction of 
hydrogen atoms with toluene thereby confirming the Szwarc mechanism for 
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BLADES AND SI'EACIE: TOLCENE PYROLYSIS 1145 

the decompositions of toluene and n-propyl benzene. The evidence is consistent 
with the following mechanism: 

H ' +  C6H5CH3 --tCsHs+ CH3' 
CH,' + CGH5CH3 + CH4 + CtjH5CHz'. 

Szwarc used the activation energy for the deconlposition of toluene to  
decide on the mechanism; confirnmation of the mechanism does not, however, 
prove the correctness of this activation energy nor does it cast doubt on the 
higller value obtained by the photobronlination of toluene (1, 3). I t  is worthy 
of note, however, that this latter is a maximum value and that the true value 
is less by the activation energy of the reaction 

CsH5CH2' + Br2 --t CsH5CHzBr + Br' 

and there is no a priori reason for supposing that this is zero. 
Evidence has also been presented suggesting that radicals may abstract 

hydrogen atoms from the ring as well as the side chain in toluene but there is 
no indication as to how serious a complication this might be in the toluene 
carrier gas technique. Presumably the resulting tolyl radicals would disappear 
rapidly by reaction with toluene. 

CsH4CH3' + CsHsCH3 --t CsHSCH3 + CsH5CH2' 

Under the conditions of the toluene carrier gas technique in the neighborhood 
of 1000" K., abstraction by benzyl radicals has been shown to compete with 
combination. This implies that, when this technique is used in this temperature 
region, complications must be anticipated from reactions of the type 

CsH5CH2' + RH --t CsH5CH3 + R' 

where R H  is the decomposing molecule, especially when the R-H bond is weak. 
Horrex and Miles (4) have studied the pyrolysis of bibenzyl and arrived a t  

the rate expression 
k = 2 X 109 e-48.000/RT sec.-l 

for the decomposition into two benzyl radicals. Under the experimental con- 
ditions used in the above experiment this would predict only about 2% 
decomposition of the bibenzyl. Since a minimum of 35y0 was decomposed, it 
is suggested that .the above rate expression is in error owing to  the neglect of 
the recombination step in their mechanism. 

1. ANDERSEN. H. C.. SCHERAGA. H. A.. and VAN ARTSDALEN. E. R. I. Chem. Phvs. 21: 1258. 
1953. 

2. BLADES, H., BLADES, A. T., and STEACIE, E. W. R. Can. J. Chem. 32: 298. 1954. 
3. ECKSTEIN, B. H., SCHERAGA, H. A,,  and VAN ARTSDALEN, E. R. J. Chem. Phys. 22: 28. 

1954. 
4. HORRES, C. and MILES, S. E. D~SCIISS~OIIS Faraday Soc. 10: 187. 1951. 
5. LEIGH, C. H. and SZWARC, M. J. Chem. Phys. 20: 403. 1952. 
6. SCHISSLER, D. 0. and STEVENSON, D. P. J .  Chem. Phys. 22: 151. 1954. 
7. SZWARC, M. J. Chem. Phys. 16: 128. 1948. 
8. SLWARC, M. Chem. Revs. 47: 75. 1950; see also J. Chem. Phys. 1950-54. 
9. TROTMAN-DICKENSON, A. F. and STEACIE, E. W. R. J. Chem. Phys. 19: 329. 1951. 
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1146 CAA:.-IDIAN J O U R ~ V A L  OF C H E B I I S T R Y .  : ' o L .  j? 

LYCOCTONINE: THE ENVIRONMENT OF THE NITROGEN' 

In an earlier paper (2) the q~~es t ion  of the presence of N-alkyl groups in 
the aconite and delphinium alkaloids was reviewed. Since then the occurrence 
of an N(P-hydroxyethyl) group in atisine has been indicated since it has been 
proved to be present in tetrahydroatisine (3), and very recently the presence 
of an N-ethyl group in delsine (almost certainly identical with lycoctonine) 
has been decisively denlonstrated by Abubakirov and Yunusov (I) .  Still more 
recently the presence of an N-ethyl group in aconitine has been confirmed (4). 
We wish to record our proof of the presence of an N-ethyl group in lycoctonine 
by a route different from that ~lsed by the Russian workers. 

Hydroxylycoctonine has been oxidized by permanganate in acetone. The 
course of oxidation parallels that of lycoctonine itself, the main products being 
hydroxylycoctonan~, des(oxyinethy1ene)-l~ydroxylycoctonain, and hydroxy- 
lycoctonamic acid. The formation of these products in good yield provided 
confirmation of the earlier conclusion (2) that the carbinolamine hydroxyl in 
hydroxylycoctonine was on a carbon holding no hydrogen. 

As was expected on the basis of the assumed carbinolainine lactam struct~lre 
for l~ydroxylycoctonam, this compound was hydrolyzed by hot dilute acid to 
give ethylamine. This was characterized as its picrate. Thus the environment 
of the nitrogen in lycoctonine has been proved beyond doubt to be as shown 
in the following partial formula: 

The demonstration of the presence of an N-ethyl group in lycoctonine 
(delsine) coupled with the good evidence for its presence in aconitine makes it 
appear likely that this unusual alkyl substituent is of widespread occurrence in 
the aconite and delphinium alkaloids. Although Abubakirov and Yunusov 
showed (I) that some formaldehyde can arise from the alkaloids after removal 
of the N-alkyl, the formation of acetaldehyde or formaldehyde in the course 
of the permanganate oxidation seems to be the most reliable guide to the 
nature of the N-alkyl, short of more elaborate proof as above. 

Hydroxylycoctonanl was only very slowly attacked by periodic acid despite 
the presence of the vicinal glycol. In addition, methyl hydroxylycoctonamate 
was only slowly hydrolyzed by alkali a t  room temperature, in contrast to the 
behavior of methyl lycoctonamate (2). 

Abubakirov and Yunusov suggest that the name lycoctonine be abandoned 
in favor of delsine. We consider the former so well established in the literature 
(since 1866) that to change the name merely to indicate that it occurs mainly 

'Issued as N.R.C. No. 341 7 .  
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EDII'ARDS A.VD IIARION: LYCOCTONINE 1147 

in delphinium species seems unwise. Hence we intend to  continue using the 
designation lycoctonine. 

Hydroxylycoctonine: Permangannte Oxidation A 
Powdered potassiun~ permanganate (627 mgm.) was added in snlall portions 

over a period of six hours to  a solution of 163 mgnl. of hydroxylycoctonine in 
15 cc. of acetone containing 0.2 cc. of acetic acid. An excess persisted after 
this amount had been added. The suspension was filtered and the manganese 
dioxide washed well with acetone. The  acetone was boiled off, and the residue 
taken up in water which had previously been used to  wash the manganese 
dioxide. The  products were separated into 122 mgm. of neutral, 10 mgm. of 
acidic, and 4 mgm. of basic material. 

The  neutral product was dissolved in 10yo chloroform in benzene and ad- 
sorbed on 3.5 gm. of alumina, activity 3. A Soy0 be~lzene-cl~lorofor~n mixture 
(180 cc.) eluted 49 mgm. which crystallized readily from ether. Chloroform 
(90 cc.) eluted 38 mgm. which also crystallized from ether. 

Des (oxymethy1ene)-hydroxylycoctonam 

The  readily eluted neutral conlpound, after four recrystallizations from 
acetone and acetone-ether, gave 25 mgm. of prisms, which softened a t  206' 
and melted by 217O, [aID 24 f 3' (c = 0.9 in ethanol). Found: C, 61.28; 
H, 7.66. Calc. for Ct4H370SN: C, 61.65; H ,  7.98. Infrared absorption peaks: 
3490, 3410 (hyclroxyls), 1635 cm.-' (lactam). 

Iljdroxylycoctonam 

The more strongly adsorbed neutral compound melted a t  194-200' after 
one recrystallization from acetone-ether (21 mgm.). This was combined with 
the corresponding product from oxidation B. The  melting point proved erratic, 
probably owing to  solvation. After recrystallization, purification by chroma- 
tography on alumina, and further recrystallization from acetone-ether, the 
compound was obtained as rhoinbic plates, n1.p. 190-208'. [a]  g 3 8  f 2' 
(c = 1.76 in ethanol). Found: C ,  60.86, 60.99; H ,  8.02, 8.10. Calc. for 
C25H3909N: C,  60.34; H ,  7.90. Infrared absorption peaks: 3460, 3390 (hydro- 
xyls), 1631 cm.-' (lactam). Hydroxylycoctonan~ was recovered in over 75% 
yield after 46 hr. i11 0.05 N periodic acid solution buffered to  pH 5. 

Hydroxylycoctonine: Perma7zganate Oxidation B 
Powdered potassium permanganate was added to  a solution of 1.19 gm. of 

hydroxylycoctonine in 20 cc. of acetone containing 1 cc. of acetic acid. The  
reaction slowed markedly after 0.8 gm. of permanganate had been added. 
+4fter 0.5 cc. of water had been added, a further 0.14 gm. of permanganate 
was readily consumed. (Total reaction time, three hours.) The  product was 
worked up as in A to give 774 mgm. of neutral and 250 mgm. of acidic material. 
The neutral material was separated by careful chromatography on alumina 
into 120 mgm. of amorphous, more readily eluted product, 450 mgm. of 
hydroxylycoctonan~, and a small quantity of amorphous strongly adsorbed 
product. No des(oxymethy1ene)-hydroxylycoctonan~ was found. 
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The acidic material obtained from the permaiiganate oxidation of hydrox).- 
l>.coctonine (as in procedure B) was converted to methyl esters using 
diazomethane in methanol-ether. The 460 mgm. of ester was adsorbed from 
benzene on 14 gm. of neutral alumina, activity 3. Benzene (75 cc.) and 25% 
chloroform in benzene (50 cc.) eluted 38 mgm. Pure chloroforin (175 cc.) and 
lyo methanol in chloroform (75 cc.) eluted 313 mgm. which crystallized 
readily from methanol-ether. After one recrystallization from methanol-ether 
the 227 mgm. of glistening prisms melted a t  252-256'. Further recrystal- 
lization did not change the melting point. [a]: 25 + lo (c = 1.67 in ethanol). 
Found: C, 59.37; H ,  7.30; 0CH3,  30.15. Calc. for C?SH39010N: C,  59.41, 
H ,  7.48; 5 0 C H 3 ,  29.52. Infrared absorption peaks: 3510, 3450 (hydroxyls), 
1745 (ester), 1668 cm.? (lactam). 

The methyl ester was approximately 5y0 hydrolyzed in four hours a t  room 
temperature by 1 N potassi~im hydroxide in 5070 aqueous methanol. After 
20 hr. in 1.5 N alkali in 50% aqueous methanol the ester was 80% hydrolyzed. 
The 20y0 of unchanged ester crystallized readily from ether, m.p. 252-255'. 
Attempts to induce crystallization of the acid failed. 

Ethylamine from IIydroxylycoctonam 

A solution of 70 mgm. of hydroxylycoctonam in 4 cc. of freshly prepared 
1 N sulphuric acid was heated in a sealed tube a t  100' for 12 hr. and a t  160' 
for 10 hr. At the higher temperature a tar was formed. The tube was cooled 
and the contents filtered into a flask with an attached Vigreux column. The 
tube and funnel were washed with dilute sodium hydroxide. The washings 
were combined with the main solution and the whole distilled until less than 
1 cc. remained. Three pellets of sodium hydroxide were added to the distillate, 
and this was redistilled. Freshly crystallized picric acid (65 mgm.) was added 
to the distillate, and the resulting solution taken to dryness under reduced 
pressure. The excess picric acid was extracted with ether leaving 19 mgm. of 
crystalline picrate, m.p. 167-169'. After one recrystallization from methanol- 
ether it melted a t  169-170'. This did not depress the melting point of authentic 
etliylamine picrate (m.p. 169-170°), and the infrared spectra of the two 
compounds were identical. Found: C, 31.99; H ,  3.65. Calc. for CBH1oN,Oi: 
C, 35.04; H ,  3.68. 

1. ABUBAK~ROV,  N.  I<. and Yu~usov, S. Y. J .  Gen. Chern. (U.S.S.R.), 24: 733. 1954. 
2. EDWARDS, 0. E. and MARION, L. Can. J .  Chern. 30: 627. 1952. 
3. EDWARDS, 0. E. and SINGH, T. Can. J .  Chem. 32: 465. 1954. 
4. JACOBS, W. A. and PELLETIER, S. W. J. Am. Chem. Soc. 56: 4048. 1954. 
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A NEW CONCEPT ON THE MECHANISM OF AUTOXIDATION OF 
METHYL OLEATE, LINOLEATE, AND LINOLENATE1 

In Farmer's modified theory describing "universal initiation" (4) and in 
Hilditch'stheory (10) of transitory formation of cyclic peroxide, which both 
advocate an oxidative a t tack on olefines by addition a t  the double bond, there 
are two major defects: ( a )  neither makes any provision for the energy 
( <  64 Itcal.) needed for opening up one bond (20) of the double bond 
(-C-C-), (b) Farmer's postulation leads to the formation of an unstable 
diradical system (21) and Hilditch's to  a cyclic four-membered ring uncler a 
considerable amount of strain (7). In  this paper, a suitable theory which 
eliminates both these defects in Fanner 's  and Hilditch's theories will be pro- 
posed and explained. 

The recent research in the field of autoxidation supports Farmer's theory. 
The agreement has arisen, perhaps, because of an  inadequate appreciation 
of the reaction sequence in autoxidation. The  reaction patterns in each of the 
four periods (12) involved in autoxidation are different. These periods 
((A) induction period, (B) peroxidation period, (C) period of main autoxi- 
dation, and (D) period of decline in autoxidation) are represented in Fig. 1. 
The  initiation processes of autoxidation occur during the induction (A) and 
peroxidation (B) periods. Robertson and Waters (17) have described the 

FIG. 1. Course of oxidation of methyl oleate a t  75' C. 

L~bfost of t h  experimental work was colnpleted throzrgh the cozrrtesy of different laboratories in 
the U.S.A.  and was szrpported i t z  part by grants from the Department of Scienti$c and Itzdzrstrial 
Research, Karachi, Pakistan. 

ZPresent address: Department of Phys io lo~y ,  University of Alin7zesota, Minlzeapolis, Minnesota. 
U.S. A . 
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advantages of the studies on the entire reaction sequence by autoxidizing 
tetralin. Our objective is to study the mechanism of initial reaction tha t  leads 
to the quantitative formation of hydroperoxides. Temperature is maintained 
below 0" in autoxidizing the fat ty  acid esters to  about five per cent peroxide 
contents. I t  is our experimental observation that  the hydroperoxides from 
these substances do not decompose under such conditions. The  quantitative 
recovery of the oxygenated materials representative of the initiation processes 
in autoxidation is also taken into consideration. 

Hydroperoxidation, like many organic reactions ( l l ) ,  has to  pass over the 
energy barrier and is appreciably slow a t  the start ,  giving rise to  the induction 
period. Once started, it proceeds very smoothly, the rate increasing with the 
concentration of peroxides (the slope of the curve B, Fig. I ) .  However, it may  
be carried on indefinitely a t  a suitable temperature below 0" for the different 
substances used. 

In our preliminary experiments, monomeric monohydroperoxicles were 
obtained from methyl linoleate (13, 14) and linolenate (14) autoxidized below 
0" witho"t any agitation. Such results are found reproducible if the tempera- 
ture of oxidation is maintained a t  -10" and the temperatures during the 
isolation procedures below 10" C. Methyl oleate is also found to  form mono- 
meric monohydroperoxide quantitatively a t  0' in a period of several years. 
The  physical and chemical analyses (Table I)  of the products obtained on the 
reduction of the peroxides by stannous chloride indicate:the pure monomeric 
character of each hydroperoxide. 

Infrared absorption 

Isolated 
Cis,  trans- Trans ,  trans- trans 

Hn/mole OH/mole conjugated conjugated nonconjugated 
10.55 p 10.12 p 10.36 p 

1. Reduced 
methyl oleate 
hydroperosidea 1.0 1 .O - - Strongh 

2. Reduced 
methyl linoleate 
hydroperosidea 2.0 1.0 , Very strongc - 

3. Reduced 
methyl linolenate 
hydroperoxidea 2.89 1.0 Very strongc - - 

"Peroxide valzte of the unreduced peroxides ranged between 6030 and 6125 m.e./kgm. 
bAbout 6645, isolated Lrans cornoared Lo melhvl elaidale. 
<About 100% cis, trans-conjrgaied conlpared lo pure cis, trans-conjugated linoleate (Jackson el el.  

J .  Am. Oil  Clze~nisls' Soc. 69: 229. 1952). 

Further support for formation a t  the initial stages of autoxidation of a 
single hydroperoxide by each of the above-mentioned substances has bee11 
obtained from our microdistillation data.  Each of the substances was oxidized 
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K H A N :  MECHANISBI OF AUTOXIDATION 1151 

(methyl oleate a t  25-30', linoleate and linolenate a t  - 10') to 5% and 10% 
peroxide content. The peroxides were concentrated by countercurrent ex- 
traction between two i~llmiscible phases: 89% alcohol and petroleum ether 
(b.p. 30-60' C.). The peroxide concentrates were reduced by stannous chloride, 
and the reducecl products distilled by means of a special apparatus (16) and 
found in all cases to consist of 98-100% monomers [such may not, of course, 
be the case for many competing reactions of initiation, propagation, and 
termination involved in free radical mechanisms proposed by Fariner (2, 4, 
18a)I. 

The hydroperoxides isolated from autoxidized linoleate consist of two 
positional (9- and 13-) conjugated isomers (13, 15) and those from oxidized 
linolenate, four positional (9-, 12-, 13-, and 16-) conjugated isomers (14). 
Methyl oleate hydroperoxide is found to contain two positional isomers 
(9-hydroperoxide-10-octadecenoate and 10-hydroperoxido-8-octadecenoate) on 
the basis of scission products. The methyl oleate hydroperoxide was split by 
permanganate in acetone and the scission products were separated into two 
fractions consisting essentially of mono- and di-carboxylic acids by the methods 
of Swift et al. (19). The di-carboxylic acid fraction was further separated into 
two additional fractions (one, n1.p. 139.0-141.0' C., n.e. 89.3-89.7, and two, 
m.p. 97.5-98.6' C., n.e., 94.0-95.0). The latter product 011 recrystallization 
melted a t  104.0-105.0' C. The original mixture may be considered to be 
suberic acid (m.p. 141.0" C., n.e. 87.0) and azelaic acid (n1.p. 106.0' C., n.e. 
94.0) accounting for the two isomers of' methyl oleate hydroperoxide. The 
formation of these two isomers has been observed by Swern et al. (18b) during 
the autoxidation of methyl oleate. 

I t  seeins that the formation of these isomers is possibly associated with a 
three-carbon system (one double bond and its alpha-methylenic group) and a 
compulsory shift of the double bond. This can not happen with the mechanism 
involving free radicals followed by chain reactions. Consequently, these isomers 
are not the same as those predicted on Farmer's theory (2, 4, 5). 

The hydroperoxides from photo-chlorophyll oxidation of methyl cis,cis- 
linoleate contain the nonconjugated isomer probably positional a t  carbon-11 
with an isolated trans double bond (absorbing in the infrared region of 10.36 p) 
in addition to the isomers (probably positional a t  carbons 9 and 13, shown 
below) having cis, trans- and trans, trans- conjugated double bonds (absorbing 
a t  10.15 and 10.55 p). This means that activated chloropl~yll maintains a high 
energy level to pull off an alpha-methylenic hydrogen and to form a free radical 
a t  carbon-1 1 causing resonance: 

-CH=CH-CH-CH-CH- 
1 3  11 9 

J 
7 - \  

L 

These processes give rise to  three isomers: 9- and 13- conjugated and 11- 
nonconjugated hydropeyoxides. These are, indeed, the positional isomercof 
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hydroperoxides obtained on photo-chlorophyll oxidation of cis,cis-linoleate. 
However, autoxidation of inetllyl linoleate does not form a iloncoiljugatec\ 
hydroperoxide a t  carbon-11 with an isolated trans double bond, but it forms 
the completely conjugated products. Such selective ison~erization ancl freedom 
from 11-hydroperoxide indicate that the alpha-methylenic group a t  carbon-1 1 
may not possibly be attacked by oxygen to form a free radical. By analogy, 
this nlay be applied to other olefinic substances used. Moreover, the failure 
of Robertson and Waters (17) to detect, by the pyridine reaction, the formation 
of free radicals during the autoxidation of tetralin may indicate a mechanism 
of the initiation processes involving no free radicals. 

Polymer formation is not characteristic of hydroperoxidation. Only mono- 
meric products (12, 13, 14) are formed by autoxidat io~~ of the olefinic substances 
a t  the initial stages. This may explain why Farmer and his group (6) found it 
difficult to  isolate characteristic dimeric products from even drastically autoxi- 
dized olefines. Polymerization is usually a criterion of the double-bond 
attack (3) and can, therefore, be used as evidence of the production of free 
radicals or fragments impregnated with energy. Thus, the initiation processes 
probably do not involve polymerization. Consequently, the formation of free 
radicals and the direct double-bond attack' may not occur in these processes. 

From consideration of all these findings, the following mechanistic cor~cept 
of the initial stages of autoxidation (Fig. 2) on the basis of modern electronic 

I .. .. 
-$=CH=Cv- :O:O: 

.I. 
I ! ! STATES 

ACTIVATED 

z i z  L P J  
HYDROPEROXIDE TRANSITION STATES 

FIG. 2. n/lechanism of the initiation processes i n  autoxidation reactions. 
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theory is introduced: Only a three-carbon system (Fig. 2, I) consisting of a 
double bond and an alpha-methylenic group is represented because of its 
being mainly involved in autoxidation reactions in all cases with differences 
in reactivity (9). After usual collisions, both the oxygen molecule (1') and the 
oIefine portion (I) attain certain activated states (I1 and 11') because of 
resonance due to hyperconjugation (lb) in the three-carbon s?.sten~ (I) and 
also unpaired electrons in the oxygen molecule (1'). Such an activation leads 
to complex formation (8) (111). The next step is the formation of transition 
states which are strain-free (7), electronically and energetically sound (11) 
six-membered rings (IV and V). I t  is possible by proper rearrangement of 
electrons (V) to obtain a hydroperoxide (VI) with a compulsory shift of the 
double bond. The amount of energy available in the transition state (V) may 
well decide the extent of cis, trans-isomerization in this hydroperoxide. 

This cyclic mechanism involving the six-membered ring is not new. I t  has 
been successfully applied to other organic reactions ( la ) .  Such a mechanism 
seems to be quite appropriate in elucidating the initiation processes of autoxi- 
dation reactions. Of course, the activity of the a electrons in the transition 
states (IV-V, Fig. 2) may vary under different circumstances, increasing or 
decreasing the half-life of these transitory cyclic peroxides. This may explain 
the formation of six-membered cyclic peroxides during the autoxidation of 
conjugated dienes (4) and polycyclic h!.drocarbons: rubrene, a-terpene, etc. 
(4, 21). 

The mechanism outlined plays a role in the formation of peroxides during 
the initial stages. These include the induction period (stepwise initiation and 
crossing of the energy barrier (11-V, Fig. 2)). The initial stages pass into the 
main autoxidation reaction when a critical concentration of peroxide is 
attained. Following this, decomposition of peroxides sets in to start off the 
more rapid rate of autoxidation by means of free radicals, chain reactions, and 
polymerizations. Farmer's theory may be effective in this period of main 
autoxidation, where energy problems are solved. Of course, many complex 
processes may also occur. The suggested mechanism a t  the initial stages of 
autoxidation possibly plays a minor role in this main autoxidation reaction. 
I t  thus supplements Farmer's theory for the elucidation of ai~toxidation 
reactions. 

1 (a) ALEXANDER, E. R. Principles of organic reactions. John Wiley & Sons, Inc., 
New York. 1950 pp. 210 and 290. 

(b) BAKER, J .  W. Hyperconjugation. Osford University Press, Lolldon. 1952. 
2. BOLLAND, J .  L. and GEE, G. Trans. Faraday Soc. 46: 247. 1946. 
3. EVANS, M. G. Trans. Faraday Soc. 42: 101, 106. 1946. 
4. FARMER, E. H. 'Trans. Faraday Soc. 42: 233. 1946. 
5 .  FARMER, E. H. and SUNDRALINGAM, A. J .  Chem. Soc. 121. 1942. F.~RNER. E. H. and 

SUTTON, D. A. J .  Chem. Soc. 119. 1943. FARMER, E. H , K o c ~ ,  H. P., and SUTTON, 
D. A. J .  Cheln. Soc. 541. 1943. 

6. FARMER, E. H. and SUNDRALINGAM, A. J .  Chem. Soc. 121. 1942. FARMER, E. H. and 
SUTTON, D. A. J .  Chem. Soc. 139. 1942. 

7. GILMAN, H. Organic chemistry. Vol. I. John Wile). & Sons, IIIC.. New York. 1948. 
p. 80. 

8. CORIN, H. H. Anal. N.Y. Acad. Sci.40: 126. 1940. KHAN, N. .A. J .  Am. Oil Chemists' 
Soc. 30: 275. 1953. M l c ~ a e ~ l s ,  L. Biological antiosidants. Trans. Third Couf. 
Jo;iah Macy, Jr. Foundation, New York. 1948. p. 12. 
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pp- 60 and 229. 

DIRECT CURRENT POWER SUPPLY FOR AH-6 MERCURY ARCS' 

BY S. G. WHITEWAY AND C. R. MASSON 

In the photochen~ical determination of absolute radical reaction rates by 
the rotating sector method ( I ) ,  it is sometimes necessary to use an ultraviolet 
source of high intensity. The  source must be capable of producing a beam 
small enough to  be cleanly chopped. In addition, it should operate on direct 
current, so that the only time intermittency is that produced by the sector. 

The General Electric AH-6 mercury arc,  designed to operate on alternating 
current, combines the desired features of small source size and high intensity 
(1000 w. output). This note describes a direct current supply and controls 
which enable us to  operate the AH-6 on direct current (Fig. 1). 

AH-6 
ARC 

FIG. 1. Wiring diagram of power supply. 
rI'l-10 amp. \Jariac 
Tr-59 G37 General Electric transformer 

LI ,  Ly-7 h., 1.5 amp. d-c. 
CI ,  C?, Ca-8 j~f., 1500 DCWV. 

X-Selenium rectifiers, Federal Telephone and Radio Corp. 131H24AXl 
~ ~ - 5 o o o o  n, 150 \v. 
R2-500 R, 100 w. rheostat. 

'Isslred as N.R.C. ,9406. 
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source of high intensity. The  source must be capable of producing a beam 
small enough to  be cleanly chopped. In addition, it should operate on direct 
current, so that the only time intermittency is that produced by the sector. 

The General Electric AH-6 mercury arc,  designed to operate on alternating 
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T h e  110 v. alternating mains current, controlled by a 10 amp. Variac, is 
transformed by a General Electric 1200 v.  ballast transformer. Rectification 
is accomplished by eight selenium rectifiers in a bridge circuit, with two 
staclrs in series in each arm of the bridge. T h e  direct current is filtered by three 
condensers, two choke coils, and a bleeder resistance. T h e  lamp circuit contains 
a current limiting rheostat and ammeter in series, ancl an electrostatic voltmeter 
in parallel with the lamp. 

The  lamp is mounted in a quartz envelope, through which precooled 
clistilled water is cil-culatecl. The  envelope in turn is surroundecl by a water- 
cooled brass jacltet containing a 3 cm. by 0.5 cnl. slit. The  clistilled water 
supply, brass jacket, negative electrode of the lamp, and powel- cl~assis 
are all grounded. 

I n  operation, with R2 full in, the Variac is t~~rnec l  up to  give a static voltage 
of about 750 v. across the lamp. The  arc is then strucli by holding a T&la 
coil to  the brass jacket, after which the Variac is turned u p  to deliver full 
mains voltage and I t2  adjusted to give about 1.5 amp. through the lamp. 
A new lamp will heat up after about thirty seconds. '4s the intensity sucIcIenly 
increases, R? ~i lus t  be rapidly talten out of the circuit and the Variac set so 
as  to  deliver about 100 v. Under these conditions the  voltage drop across the 
lamp is 600 v., the current 1.0 t o  1.2 amp. 

T h e  light intensity has been ~neasured only with respect to the photolysis 
of di-n-propyl ketone. In this case i t  is great enough to fulfll the requirements 
of the rotating sector  neth hod. Individual lamps vary ~narliedly in their 
aging characteristics, although in general the intensity decreases somewhat 
with operating time, as measured bj. the rates of production of carbon mon- 
oxide and ethylene (2). Although not visible to  the eye, a film becomes deposi- 
ted 011 the lamp and quartz envelope after several hours. This  is thought to 
be iron oxide which probably originates from a ferrous component in the 
assembly used for mounting the lamp. Wiping the lamp with lens tissue 
moistened with dilute acetic acid removes the deposit and raises the output  
intensity. 

With some lamps the current req~lired for the initial heating increased with 
operating time. With the present power supply, 'this effectively determined 
the useful lifetime of this type of lamp (10 hr. was the maxim~im) since 1.6 
amp. is about the largest current that  can be drawn. On the other hand, the 
lamp now in use has run for a total of 16 hr., with about thirty starts and 
stops, and shows no sign of deterioration. 

1. KISTIAKOWSKY, G. B. and ROBERTS, E. K. J .  Che~i. Phys. 21: 1637. 1953. 
2. MASSON, C. R. J .  Am. Chem. Soc. 7.1: 4731. 1952. 

RECEIVED JULY 15, 1954. 
MARITIME REGIONAL LABORATORY, 
NATIONAL RESEARCH COUNCIL, 
HALIFAS, N.S. 
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