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BIOGENESIS OF ALKALOIDS 

XVIII. THE FORMATION OF HORDENINE FROM PHENYLALANINE IN BARLEY' 

ABSTRACT 

When phenylalanine-2-Cld was fed to sprouting barley the hordenine isolated from the 
plant was radioactive. The activity in the hordenine was shown .by degradation of the  
alkaloid to be located on the carbon of the side chain 0 to the aromatlc ring. A fraction of the 
fatty acids present in the roots was more strongly radioactive than the hordenine and must 
have arisen by the breakdown of the amino acid. The gramine isolated from the shoots was 
inert. Phenylalanine does not take part in the synthesis of gramine, but i t  is a precursor of 
hordenine and, hence, must be converted to tyrosine in barley. This conclusion is supported 
by the simultaneous synthesis of a radioactive aliphatic acid. 

I t  has  already been shown tha t  in barley tyrosine is decarboxylated to tyramine, 
which is methylated by methionine first to N-methyltyramine and then to  hordenine 
(5, 6, 7). I t  is known tha t  in animals phenylalanine is transformed into tyrosine (8, 12) 
and if this were to  occur in barley, then phenylala~iine would be a precursor of hordenine. 
Since the metabolism of phenylalanine can follow other pathways (10) i t  was of interest 
to  investigate its fate in barley. 

When D,L-~henyIalanine-2-C'~ was fed to sprouting barley, the N-methyltyramine 
and hordenine isolated from the roots were radioactive. Hordenine was converted t o  
0-methylhordenine methiodide, which was subjected to  the Hofma~in degradation aiid 
oxidized to radioactive anisic acid as previously described (5). 

I t  has been shown previously tha t  9-vinylanisole containing a C14 in the P-position to 
the vinyl group gives, on oxidation with potassium permanganate, inert anisic acid. 
If, on the other hand, it is oxidized first with mercuric oxide and iodine, and the oxime 
of the product further oxidized with potassium permanganate, radioactive anisic acid is 
obtained (5). This anomaly is due to  a well-known rearrangement taking place under 
the conditions of the mercuric oxide oxidation (5). I t  can be concluded, therefore, that  
the C14 was present in the side chain of the hordenine in the /3-position t o  the aromatic 
ring.3 

The N-methyltyramine isolated with the hordenine was not further examined. 
The fraction of the root extract containing the non-nitrogenous acids was much more 

'Manuscript received September 11, 1956. 
Contrzbution fronz the Diviszon of Pz~re  Chemistry, Natioltal Research Cozincil, Ottawa, Canada. 

I Isszied as N.R.C. No. 4148. 
I ZNational Research Cotinczl of  Canada Postdoctorate Fellow, 1955-1966. Attach6 de Reclzerclzes. C.N.R.S.. 

Lyon, France, on leave of absence. 
JBecause of the definite proof of the location of C1' i n  hordenine derived front tyrosine (6)  and fronz tyranzine 

( 5 ) ,  it has been assunzed that the label i n  the present ,instance wozild be sinzilarly located, although the proof 
offered is  not as rigorous as previously. 
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radioactive than the alltaloids. By chromatography on silica gel, this yielded a fraction 
eluted by chloroform which had an equivalent weight of 442. I t  seems to contain a 
carbonyl as well as one or more carboxyl. I t  was readily converted to a methyl ester with 
diazomethane but could not be crystallized nor properly characterized, since it gradually 
decomposed on standing. I t s  activity was 6 X lo3 d.p.m. per mg. 

I t  has been show11 that,  in barley, tryptophan is the precursor of gran~ine ( I ) ,  and it  is 
known that in Neurospora, tryptophan is synthesized from indole and serine (11, 13). 
Gramine was therefore isolated from the extract of the shoots of the barley to ascertain 
whether phenylalanine could be a precursor of the indole nucleus. The gramine, however, 
was inert. 

EXPERIMENTAL 

Ad?ninistratiolz of D,L-Phenylalanine-2-CI4 to the Barley 
Barley (Charlottetown No. 80, 720 g.) was eveilly divided among 12 Pyrex trays 

containing glass wool and grown as previously described (4). On the 6th day of sprouting, 
a solution of D,L-phenylalanine-2-CM (110 ing.) in distilled water (600 ml.) containing 
hydrochloric acid (0.1 ml.) was fed to the barley. The ami~lo acid administered had a total 
activity of 1.1 X lo8 disintegratioils per minute, or a specific activity of 1.6 X lo8 
d.p.m. per mil l i rn~le.~ 

Isolation of the Alkaloids from the Roots 
The barley was harvested on the 11th day of sprouting, the roots separated from the 

shoots and extracted with methanol for 48 hours. The evaporated extract was dissolved 
in 2 N sulphuric acid, the solution filtered, extracted with ether (Extract A), and treated 
as previously described for the isolation of the alkaloids (5). The N-methyltyramine 
separated from the hordenine by chromatography was not further examined. The 
hordenine (254 mg., m.p. 117') was diluted with inactive hordenine, methylated, and 
subjected to the Hofmann degradation, and the resulting p-vinylanisole oxidized with 
mercuric oxide and iodine, all as previously described (6). The oxime of the homoanis- 
aldehyde produced (m.p. 116-118') was oxidized with potassiunl permanganate to  
radioactive anisic acid (5). Anisic acid was characterized by comparison with an authentic 
specinlei1 and by preparation of its p-toluidide, which was identical with a sample pre- 
pared from authentic anisic acid. The activities of the various products are listed in 
Table I.  

TABLE I 
ACTIVITIES OF DERIVATIVES .4ND DEGRADATION PRODUCTS 

OF HORDENINE 

Compound D.p.m. per millimole 

Hordenine 1.78X104 
0-Methylhordenine methiodide 1.75X104 
Trimethvlamine chloro~latinate 0 
~omoa~:saldehyde oxi& 
Anisic acid 
Anisic acid 9-toluidide 

Isolation of Acids 
Extract A, which had been obtained in the course of the isolation of the alkaloids, 

yielded on evaporation a black resin soluble in ethanol, but only partially soluble in 

4D,L-Phenylalanine-2-cl' was  purcltased from Tracerlab, Inc .  
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MASSICOT A N D  MARION: BlOGENESIS O F  ALKALOIDS. SVI I I  3 

benzene. The resinous residue contained no nitrogen, and was strongly radioactive. 
I t  was triturated with benzene a t  room temperature and the benzene-soluble fraction 
was chromatographed on a column of silica. The column was eluted by being washed 
first with carbon tetrachloride and then with chloroform. The carbon tetrachloride 
eluate consisted of a very small fraction containing little activity and was discarded. 
The main fraction with the highest radioactivity per milligram was eluted by chloroform. 
I t  consisted of a clear yellow product with an activity about forty times that of the 
purified hordenine. I t  contai~ied no nitrogen and clecomposed on standing, becoming 
after a few days only partially soluble in benzene. Its equivalent weight, determined by 
electrometric titration with alkali, was 442. The acid could not be induced to crystallize 
and, because of its instability, could not be characterized. Methylation with diazo- 
methane gave rise to a methyl ester which remained oily. Found: C, 70.10; H, 10.03%. 
The acid discolored potassium permanganate rapidly and with 2,4-dinitrophenyl- 
hydrazine gave rise to an an~orphous, insoluble product. The ultraviolet spectrum of 
the acid contained a maximum a t  289 mp as well as one a t  < 215 mp attributable to the 
carboxylic group. The acid is probably a long-chain unsaturated acid containing a carbonyl 
group but, because of paucity of material could not be further identified. 

The activities of the various fractio~ls obtained from the root extract are given in 
Table 11. The only two fractions studied were the alkaloids and non-nitrogenous acids. 

TABLE I1 

Compound Weight, mg. Total activity, Activity per mg., 
d.p.m. d.p.m. 

Crude amines 818 2.64X105 320 
Hordenine 254 3.4 xlo4 134 
Crude acids 470 1.3 XIOG 2700 
Main acid fraction 95 5.7 X105 6000 
Phenols 8115 Not determined 
Lipids, sterols, etc. 1200 3.6 xlo5 285 

Gramine 
The shoots of the plants, which had been separated from the roots, were extracted 

with methanol and the grarnine was isolated from the extract by the procedure already 
described (1). The gramine was inactive. 

DISCUSSION 

In barley, phenylalanine, just like tyrosine (6) and tyramine (5), is a precursor of 
hordenine. I t  is known that in animals phenylalanine is converted to tyrosine (8,12) and, 
further, it has been shown that tyrosine is decarboxylated in the plant and that the 
resulting tyramine is methylated by methionine first to N-methyltyramine and then to 
hordenine (5, 6, 7). I t  can be presumed, therefore, that, in barley, phenylala~line is first 
converted to tyrosine. 

Gramine isolated from the shoots of the barley was not radioactive and it can be 
concluded that phenylalanine is not a precursor of the indole nucleus in barley or a t  least 
of the tryptophan since it is known that tryptophan is the precursor of gramine (1). 

Phenylalanine is the precursor of a long-chain acid in barley. Although the identity 
of this acid has not been established, it appears to be an unsaturated keto acid in which 
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no aromatic groups seem to be present. Phenylalanine can be metabolized via tyrosine 
with scission of the aromatic ring to  produce the intermediates homogentisic acid and 
fumarylacetoacetic acid, which finally give rise to  acetoacetic acid (3, 9). Acetoacetic 
acid derived from phenylalanine could then be a precursor of the long-chain acid. Indeed, 
i t  has been shown that  acetoacetic acid can give rise to fat ty  acids ~vitliout going through 
acetic acid (2). In  the absence of Inore exact knowledge of the identity of tlie radioactive 
acid, any suggestion as  to tlie intermediate steps between it and phenylalanine or tyrosine 
is Inere speculation. The  relatively high radioactivity of the acid, however, seems to  
indicate that  i t  is very actively synthesized during the early growth of the plant. The  
formation of the alipliatic acid supports the conclusion derived from the biosynthesis 
of hordenine that  in barley phenylalanine is converted to  tyrosine. 

ACIiNO\VLEDGMENT 

The authors are indebted to  Mr. R. B. MacLaren of the Experimental Station, 
Charlottetotvn, P.E.I., for supplying the barley used in these experiments. 
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THE SOLUBILITY OF URANIUM(1V) HYDROXIDE IN SOLUTIONS OF 
SODIUM HYDROXIDE AND PERCHLORIC ACID AT 25" 6.' 

ABSTRACT 
The solubility of uranii~m(IV) hydroxide has bee11 nleasured in s o d i ~ ~ m  hydroxide, water, 

and perchloric acid solutions. A possible reaction in sodium hydroxide solutions is evaluated. 

The purpose of this investigation was to measure the solubility of uraniurn(1V) 
hydroxide in dilute basic and dilute acidic media. Information pertaining to this subject 
is not available a t  this time in the literature except for the,following: 

Kraus and Nelson (3) investigated the hydrolytic behavior of uranium(1V) ions in 
excess perchloric acid (above 0.2 11[) and in solutions of constant ionic strength ( p  = 0.5). 
They concluded that  the simple ion U+4 exists in excess acid and is associated witheight 
water molecules, U(H20)8+$ and that  the principal hydrolysis reaction is 

u+q- H ~ O  6 u(oH)+~ + H+. 
pK = 1.44 

where pI< = -log [IVII, and [IVIL = [UOH+3][H+:l/[U+4]. 

Their results did not indicate an ion type such as UO++. 

They also found that uranium(1V) ions show a tendency to form rather stable poly- 
meric solutions on hydrolysis, where the polymeric form has an approximate composition 
of U(OH)4. When uranium(1V) hydroxide is dissolved in a non-complexing acid, such as 
perchloric, solutions containing polymeric products result. The difference in color 
between the simple solutio~l and the polymeric form is very marked, being bright green 
for the former and almost black for the latter. 

PROCEDURE 

The general procedure is similar to that  described by Garrett and Heilts (2). An all 
glass apparatus was used. 

Water.-Conductivity water was prepared in a Barnstead coilductivity still, degassed 
by being boiled with nitrogen bubbling through it, and then stored under nitrogen. 

Perchloric acid solutions.-Approximately 1 molar acid was prepared from 70% 
G. F. Smith purified perchloric acid with degassed conductivity water and stored under 
nitrogen. Standard acid solutions were also made with conductivity water and standard- 
ized against standard sodium hydroxide. 

Sodi~~rn hydroxide so1z~tions.-Approximately 1 molar solutions of base were prepared 
under nitrogen by dissolving Balter and Adamson reagent pellets in degassed conductivity 
water in a paraffined flaslt. Barium hydroxide was added to just precipitate any carbonate, 
and the solutio~ls were stored under nitrogen. Standard base solutions were also prepared 
with coilductivity water and standardized against potassium acid phthalate using 
phenolphthalein indicator. 

'ill/ analscript received J u l y  16, 1956. 
Contribz~tion from the Departnzent of Chen~istry, Wayne  State University, Detroit, Michigan. Front a dis- 

sertation szrbn~itted by Mr.  Her?~aan Leider i n  partial fz~lfillmenl of the reqzlirements for the Doctor of Philosophy 
degree at Wayne  University. ' 
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6 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 35, 1057 

Uranium(1V) su1phate.-Crystalliile uranium(1V) sulphate was prepared by the 
reduction of acid solutions of uranyl sulphate with Eastman Iiodak sodium dithionite (1). 
The precipitated sulphur was filtered off and uranium(1V) hydroxide was precipitated 
with excess sodium hydroxide. The product was washed with distilled water until the 
absence of a sodium flame test, and then dissolved in Baker and Adamson A. C. S. 
standard sulphuric acid, and filtered. The sulphate solution was evaporated until crystals 
of U(S04)2.4Hz0 deposited. The crystals were filtered, dried, analyzed for uranium by 
8-hydroxyquinoline precipitation, and ignited to UaOa. Calculated yo uranium is 47.4; 
found % uranium equals 47.6. Solutions of the sulphate were made by dissolving the 
crystals in degassed conductivity water and then stored under nitrogen. 

Colorimetric reagents.-A standard uranium solution was prepared by dissolving 
stoichiometric U 0 3 . H 2 0  (prepared from hydrolysis of uranyl acetate by boiling) in 
perchloric acid. Aliquot portions of this solutioil were used to prepare the color standards. 
A 10yo sodium hydroxide solution was prepared from Baker and Adamson reagent 
pellets and distilled water. A 20y0 sodium carbonate solution was prepared with Baker 
and Adamson anhydrous reagent and distilled water. Baker and Adamson 30% hydrogeil 
peroxide was used in preparing colorimetric solutions. 

Uranium(IV) hydroxide.-The hydroxide used in malting samples for the acid series 
was precipitated from the sulphate solution with sodium hydroxide and washed with 
degassed conductivity water. Absence of a sodium flame test indicated completed 
washing. 

Uranium(IV) hydroxide used in preparing basic samples was made by reacting sodium 
hydroxide with crystalline U(S04)?.4H20. In all other respects the treatment was the 
same as that just described. Such a preparatioil was necessary because the gelatinous 
hydroxide precipitated from solution was extremely sensitive to oxidatioil in alltaliile 
medium. The dense hydroxide prepared from crystalline sulphate proved much more 
stable to oxidation and could be handled more easily. In order to eliminate any possibility 
of oxidation the system was kept under a nitrogen pressure of 4 to 5 lb. above that  of 
the atmosphere. 

Analysis showed that the solid phase was unchanged after equilibration with acid 
or base. 

Equilibration.-Pairs of 100 ml. samples of the hydroxide in acid or base were collected 
in 125 ml. sample flasks under nitrogen. One of each pair was agitated in a 35" thermostat 
for 5 to 7 days, followed by agitation in a 25" thermostat for 5 to 7 days. The other 
member of each pair was directly agitated in the 25" thermostat for 5 to 7 days. After 
the agitation in the 25" C. thermostat, the samples were allowed to settle for 3 to 5 
days. 

Uranium analyses.-The uranium analyses was made with a Becltman Model B 
spectrophotometer using the NaOH-Na2C03-H202 method described in Analytical 
Chemistry of the ilJanhatta7z Project (4). 

THE DATA 

The data are collected in Tables I and 11. Owing to the polymeric nature of the acid 
solubility products no definite reactioils or ionic species call be evaluated and proved 
to occur. 

Assuming that the formula for solid uranium(IV) hydroxide can be represented by 
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GAYER A N D  LEIDHR: SOLUBlLITY OF UR:lNlUM(IV) HYDROXIDE 

TABLE I 

SOLUBILITY OF UR:ZNIUM(IV) HYDROXIDE I N  MCl0.j SOLUTIONS AT 25' C.* 

Initial moles HC1O4/ Moles urani~11n/1000 g. H?O 
1000 g. H?O a t  equilibrium 

:3.0 X lo-? 2.2X10-2 
9.G 5 . 7  

*Each set of iralz~es is actzrally the average of two ezperil~ze?tts wlticlt 
agreed within 10% or less. 

TABLE I1 
SOLUBILITY OF URANIUM(IV) HYDROXIDE I N  NaOH SOLU'rIONS AT 25' C.* 

Moles NaOH/1000 g. Hz0  moles ~1raniuln/1000 g. H2O 
a t  equilibrium a t  equilibrium K x 10' 

3.0X10-6 - 
6.3X10-I - 
2.7X10-5 1 . 9  
4 . 1  1 . 9  
4 . 5  1 . 7  
7 . 0  1 . 4  
5 . 9  - 

Average K = 1 . 7  X lo-' 

*Each set of values i s  acfzrally the average of two experinlents wlticlt agreed within 10yo or less. 

U(OH)*, w e  be l i eve  that the  r e a c t i o n  in  basic s o l u t i o n  o v e r  the  r a n g e  s t u d i e d  (0 .1  molal 
to 0.5 mola l )  c a n  be w r i t t e n  as fol lows:  

WOI-I)., + OH- r H,UO.,- + I-I,O. 

E v i d e n c e  fo r  t h i s  r e a c t i o n  comes f r o m  (1 )  the fail- c o i l s t a n c y  of the e q u i l i b r i u m  
c o n s t a n t ,  (2)  the  e x t r e m e l y  low s o l u b i l i t y  of the  ox ide ,  a n d  (3) the  h i g h  e q u i l i b r i u m  

s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n s .  

I n  c a l c u l a t i ~ z g  the  e q u i l i b r i u m  c o n s t a n t  it w a s  a s s u m e d  

(I) that 

~*lBU04-/~OH- = 1' 

(2) that  the d i s so lved  u r a n i u m  a l l  o c c u r r e d  as H3U04-. This l a t t e r  a s s u m p t i o n  is not 
i m p r o b a b l e  s i n c e  the s o l u b i l i t y  is v e r y  low.  

The  a u t h o r s  g r a t e f u l l y  w i s h  to a c k n o w l e d g e  the s u p p o r t  of U.S. A t o m i c  E n e r g y ,  

P r o j e c t  No. AT (11-1)-214 i n  sponsor i i l g  t h i s  w o r k .  

REFERENCES 
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A NEW SYNTHESIS OF 
1-SUBSTITUTED-2,3,5,6-TETRAHYDRO-1-IMIDAZ(l,2-a)IMIDAZOLES~ 

ABSTRACT 

A number of 1-(8-hydroxyethy1)-2-(substituted amino)-2-imidazolines have been prepared 
by the reaction of amines with l-(~-hydroxyethyl)-2-methylmercapto-2-imidazoline. 'These 
intermediates on chlorination and dehydrochlorination give the corresponding l-substituted- 
2,3,5,6-tetrahydro-1-imidaz (l,2-a)imidazoles. 

Recently (2) the preparations of 1-benzyl- and 1-0-diisopropylaminoethyl-2,3,5,6- 
tetrahydro-1-imidaz(1,2-a)imidazoles by the reaction of benzylamine and p-diisopropyl- 
aminoethylamine with 1-(0-chloroethy1)-2-nitriminoimidazolidine were described. This 
work presents another new method of preparing 1-substituted-2,3,5,6-tetrahydro-1- 
imidaz(l,2-a)imidazoles (IV) which iilvolves the reaction of an amine with 1-(P-hydroxy- 
ethyl)-2-methylmercapto-2-imidazoline (I) (1, 3). 

1-(~-Hydroxyethyl)-2-methylmercapto-2-imidazolii1e (I) or its hydroiodide salt con- 
denses with amines with the liberation of methyl mercaptan. This reaction proceeds 
smoothly to give good yields of the 1-(0-hydroxyethy1)-2-(substituted amino)-2-imidaz- 
olines (11). The properties of some of these intermediates and/or their derivatives are 
described in Table I. Some of the 1-(0-hydroxyethy1)-2-(substituted amino)-2-imidaz- 
olines could be distilled in vacuo without decomposition to give good yields of purified 
products whereas others such as l-(~-l~ydroxyethyl)-2-(~-diinethylaminoethylami1~o)-2- 
imidazoline and l-(~-hydroxyetl~yl)-2-(~-di-n-propylamii1oethylamino)-2-imidazolii1e par- 
tially cyclized and partially decomposed. The water liberated during the cyclizatioil 
reaction is thought to be responsible for the observed degradation. The crude or purified 
l-(~-hydroxyethyl)-2-(substituted-amii1o)-imidazolines were converted into their cor- 

CHZ-N /CHCHzOH CH2-N /cH2cH20H 
\ 

C-SCHI + RNHz - \ 
C-NHR + CHaSH T I // 

CHz-N 
I // 
CHz-N 

IV 

R = alkyl, aralkyl, or dialkylaminoallcyl 

1 SOCll 

CH?CH,CI 

CHz-N 
/ 
\ 

C-NHR I // 
CHZ-N 

'Manuscript  received September 6, 1956. 
Contribution from the L .  G. R y a n  Research Laboratories of illonsanto Canada Limited,  Montreal, Quebec. 
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TABLE I 
1- (8-I~YDROXYETHYL)-2-(SUBSTITUTED ~~11~0)-2-IMIDAZOLINBS 

C H 
- -  

N 
Substi tuent  Yield, M.p., O C. or Formula 

% b.p., " C. (nin~.) Calc. Found Calc. Found Calc. Found Z -- P 

aPicrc~les. Wibe~ceoyl-d-lnrlrates. cPhenylisoflt~ocya~7ate derivatioc, S calc., 7.41; fozrltd, 7.20y0. dHydrocltloride salt, C1 calc., 13.86; 
found, 13.90%. cSo~~ te  cychzat~o~t  occurred during d~stillalio~t. 
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TABLE I1  
~-SUBSTITUTRD-~,~,~,~-TBTRAIIYDRO-~-IMID.~Z (1,2-a) IMIDAZOLES - 0 

Substituent Yield, 71E5 da' R.p., Formula 
" C. (mm.) Calc. Found Calc. Found Calc. Found 

2 
7% w w 
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TABLE 111 
PICRATES OF ~-SUBSTITUTED-~,~,~,~-TETRAHYDRO-~-IM~DAZ(~,~-~)IMIDAZOLDS 

C H N 
Substituent M.p., " C. Formula --------- -- -- 

Calc. F o ~ ~ n d  Calc. Found Calc. Found 

n-Octyl 
n-Dodecyl 
n-Te tradecvl 
n -~exadec ;~  
n-Octadecyl 
Benzyl 
R-Phenvlethvl 
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responding 1-(P-chloroethy1)-2-(substituted amino)-2-imidazolinium chlorides by chloro- 
ination with thionyl chloride. These chloro derivatives, with the exception of 1-(0- 
chloroethy1)-2-benzylamino-2-imidazoline, were used for the next stage of synthesis 
without further purification. They were dehydrochlorinated to  give the l-substituted- 
2,3,5,6-tetrahydro-1-imidaz(l,2-a)imidazoles (IV). Some of the yields reported in Table 
I1 are low because of the partial degradatioil ellcountered in the distillation of the inter- 
mediates. I t  was observed that  the over-all yields of the bicyclic compounds (IV) were 
much higher when the intermediate 1-(P-hydroxyethy1)-2-(substituted amino)-2-imidaz- 
olines were used directly without prelimirlary distillation. The properties of the 1- 
substituted-2,3,5,6-tetrahydro-l-imidaz(l,2-a)imidazoles and their picrates are given 
in Tables I1 and I11 respectively. 

1-(/3-Din1ethylaminoethyl)- and 1-(~-diethylaminoethyl)-2,3,5,6-tetrahydro-l-imidaz 
(1,2-a)iinidazoles were methylated with methyl iodide. These compounds combined with 
2 mole equivalents of methyl iodide to  give derivatives whose analytical values are in 
good agreement with those calculated for structure (V). 

EXPERIMENTAL2 

I-(~-Ilydroxyethyl)-2-meth~ylmercapto-2-imidazolinium Iodide 
1-(~-Hydroxyetl~yl)-2-metl~ylinercapto-2-imidazoli1ium iodide (m.p. 120-121" C.) was 

prepared in 95% yield as  previously (3) described. 

1 -Subsfituted-2,3,5,6-tetrahydro-I-imidaz(1 ,2-a)imidazoles 
The procedures for the preparations of the 1-substituted-2,3,5,6-tetrahydro-1- 

imidaz(l,2-a)iinidazoles are very similar and oilly three variations in procedure are 
described below in detail. Tables I1 and I11 list the physical properties of the l-substituted- 
2,3,5,6-tetrahydro-1-imidaz(l,2-a)imidazols and their picrates respectively. 

', 1-~enz~l-2,~,5,6-tetrnh~dro-l-inzidaz(l,2-a)imidazole 

A solution of ~-(~-hydroxyethyl)-2-methylmercapto-2-imidazolinium iodide (144 g., 
0.50 mole) and benzylamine (55.0 g., 0.52 mole) in 240 CC. of methanol was refluxed 
for 14 hours. The methanol was removed by evaporation and the residue in water (2% 
solution) was passed through a columil of IRA-400 (1 liter) resin. This coluinn was 
washed with water and the washings and eluate were combined and acidified with 
hydrochloric acid solution. On evaporation of the aqueous solution I-(P-hydroxyethyl)-2- 
benzylamino-2-imidazoliilium chloride (m.p. 142-147' C.) was obtained in quantitative 
yield. A sample was prepared for analysis by crystallization twice from a methanol - 

 all nzelting points are uncorrected. Microanalyses were performed by Micro Tech Laboratories, Skokie ,  
Illi?tois. 
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McKAY AND GARMAISE: IMIDAZOLES 13 

ethyl acetate solution. The final melting point was 147-148" C. I ts  picrate prepared in the 
usual maililer melted a t  124" C. (3). 

l-(~-Hydroxyethyl)-2-benzylamii~o-2-imidazolinium chloride (16.0 g., 0.062 mole) 
and thionyl chloride (14.0 g., 0.118 mole) in 50 cc. of chloroform were refluxed together 
for 3 hours. After the excess thionyl chloride and chloroform were removed by distilla- 
tion, a reddish oil was obtained in quantitative yield. A portion (0.3 g.) of this oil was 
converted illto its picrate melting a t  137-138' C. This melting point was not increased 
on further crystallization. Calc. for ClaH19C1 N607: C, 46.30; H ,  4.11; C1, 7.59; N,  18.24%. 
Found: C,  46.35; H, 4.30; C1, 7.89; N,  18.00yo. 

The remainder of the reddish oil, 1-(p-chloroethy1)-2-benzylamino-2-imidazoliilium 
chloride, was refluxed for 2 hours in a solution of potassium hydroxide (10.0 g., 0.178 
mole) in absolute methail01 (150 cc.). The precipitated potassium chloride was removed 
by filtration and the filtrate was evaporated to dryness. The residue was extracted with 
ether (2 X 50 cc.) and the ethereal solution on evaporation gave 8.8 gm. (70y0) of oil. 
This oil (b.p. 124-126" C. a t  0.1 mm.) was distilled in vacuo using a Vigreux column. 
I ts  picrate melted a t  123-124" C. The picrate of 1-benzyl-2,3,5,6-tetrahydro-1-imidaz 
(1,2-a)imidazole was previously reported (2) to melt a t  109-109.5" C. A mixture melting 
point determination with these two picrates gave a melting point of 123" C. When the 
low melting picrate was dissolved in water and then seeded with the high melting form, 
it gave the picrate melting a t  123-124" C. I t  appears that this picrate is dimorphous. 
Both picrates gave good analytical values for the moilopicrate of 1-benzyl-2,3,5,6- 
tetrahydro-1-imidaz(l,2-a)imidazole. 

l-(~-Hydroxyethyl)-2-methylmercapto-2-imidazolinium iodide (86.4 g., 0.30 mole) 
and n-tetradecylamine (63.9 g., 0.30 mole) were refluxed for 3 hours in 200 cc. of 
methanol. This solution was diluted with 600 cc. of methanol and then it was passed 
through a column of IRA-400 resin (1000 cc., previously washed with 800 cc. of methanol) 
a t  a rate of 8 cc. per minute. column was washed with methanol (1200 cc.) until the 
eluate gave no further positive test with picric acid solution. The eluate and washing 
were combiiled and evaporated to dryness, yield 97.5 g. (100%). Part (65 g., 0.20 
mole) of this residue was converted into its hydrochloride. The dry hydrochloride was 
dissolved in 200 cc. of dry benzene and thionyl chloride (47.6 g., 0.4 mole). After this 
solution had refluxed for 2 hours, the excess thioilyl chloride and solvent were removed 
by evaporation. This procedure gave a quantitative yield of the intermediate 1-(0- 
chloroethyl)-2-n-tetradecylami11o-2-imidazoli1~ium chloride. 

1 - (p - Chloroethyl) - 2 - n - tetradecylamino - 2 - imidazoliilium chloride in a solution of 
potassium hydroxide (24.7 g., 0.442 mole) in 425 cc. of absolute alcohol was refluxed 
for 3 hours. The resulting mixture was worked up as described in the procedure above 
for 1-be1~zyl-2,3,5,6-tetrahydro-l-imidaz(l,2-a)imidazole. A black oily residue was 
obtained, yield 50.5 g. (82.4y0). Fractional distillation using a Vigreux column setup 
yielded 27.4 g. of colorless oil (b.p. 172-173" C. a t  0.08 mm.). Its picrate melted a t  
75-76" C. after two crystallizations from ether. 

l-(~-Hydroxyethyl)-2-methylmercapto-2-imidazoli1i~m iodide (40.0 g., 0.115 mole) 
was condensed with N,N1-di-n-propyl ethylenediamine (17.3 g., 0.12 mole) under the 
conditions described above for the preparation of 1-(P-hydroxyethy1)-2-benzylamino-2- 
imidazoline and the condensation product was dissolved in 100 cc. of water. This aqueous 
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solution was passed through a column of highly active IRA-400 resin (430 cc.) a t  a rate 
of 25 cc. per minute. After the column was washed with water (2000 cc.), the combined 
washings and eluate were evaporated to clryness, yield 29.0 g. (98y0). This oily product 
on distillation in vaczio underwent esterlsive decomposition giving 5 g. of di-n-propyl- 
aminoethylamine. One fraction (b.p. 114-123" C .  a t  0.05 mm.) gavc a picrate melting 
a t  169-170" C., which was identified as the picrate of the bicyclic product, 1-(di-n- 
propylaminoeth~~l)-2,3,5,G-tetra11~-dro-l-imidaz(l,2-a)imidazole, yield 1.2 g. 

Another fraction (b.p. > 123' C. a t  0.05 mm.) (G g.), which appearecl to be a mixture 
of 1-(~-hyclrox~~ethyl)-2-(di-n-propylaminoethylamino)-2-imidazoline and the bicyclic 
product, was convertecl into the bicyclic product by the procedure described in the above 
examples. The oily product (b.p. 106-108' C. a t  0.05 mm.) was obtained in 44.8y0 yield 
based on the over-all conversion of l-(~-hydrox~~ethyl)-2-methylmercapto-2-imiclaz- 
olinium iodide into l-(di-n-prop~~laminoethyl)-2,3,5,6-tetrahyclro-l-imidaz(,2-a)imid- 
azole. The picrate of the lattcr compound formed in the usual manner melted a t  169- 
170' C. I t  was purified by crystallization from ethanol. 

Methylation of 1 -(P-Dimethylaminoethy1)-2,3,6,6-tetrahydro-1 -imidaz(l,2-a)imidazole 

A solution of 4.8 g. (0.0247 mole) of 1-(p-dimethylaminoethyl)-2,3,5,6-tetrahydro-1- 
imidaz(l,2-a)imidazole and 14.2 g. (0.10 mole) of methyl iodide in 50 cc. of absolute 
alcohol was refluxed for 1 hour. This solution on evaporation of solvent and excess methyl 
iodide gave 11.5 g. (93.5y0) of a crystalline solid (m.p. 160-170' C.). Several crystalliza- 
tions from various solvents always gave crystals melting over a range (m.p. 155-170' C.). 
However, after drying a t  64" C. in vacuo, the crystals had a melting point of 234-236" C. 
Anal. Calc. for CnH2412N4: C, 28.33; H,  5.19; I, 54.45; N, 12.02%. Found: C, 28.36; 
H ,  5.16; I ,  54.29; N,  11.99y0. 

The dipicrate (m.p. 205-206" C.) of the dimethioclide of 1-(P-dimethylaminoethyl)- 
2,3,5,6-tetrahydro-1-imidaz(l,2-a)imiclazole was prepared in the usual manner. Anal. 
Calc. for C23H28N10014: C, 41.31; H ,  4.22; hi, 20.95y0. Found: C, 41.03; H ,  4.01; N,  
21.39%. 

Dimethiodide of 1 -(p-Diethylanzinoet1zyl)-2,3,5,6-tetrahydro-1 -imidaz(l,2-a)imidazole 
The dimethiodide of l-(~-diethylami11oethy1)-2,3,5,6-tetrahydro-l-imidaz(l,2-a)imid- 

azole (m.p. 180-200' C.) was prepared in 97% yield by the procedure describecl above 
for preparing the dimethioclide of I-(P-dimethylaminoethyl)-2,3,5,G-tetrahdro-1- 
imidaz(l,2-a)imidazole. Four recrystallizations from methanol-ethyl acetate (1: 3) 
solution raised the melting point to a constant value of 228-230" C. Anal. Calc. for C13 
H z ~ I ~ N ~ :  C, 31.59; H,  5.71; I ,  51.37; N, 11.34%. Found: C, 31.71; H ,  5.83; I ,  51.15; 
N ,  11.31%. 

The dipicrate formed in the ~isual manner melted a t  190-191' C. after two crystalliza- 
tions from alcohol. Anal. Calc. for C25H3?N10014: C, 43.09; H ,  4.63; N ,  20.11%. Found: 
C, 43.12; H,  4.48; hi, 19.83%. 
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THE STRUCTURE OF ARTIFICIAL GRAPHITES AS REVEALED BY X-RAY, 
ELECTRON MICROSCOPE, AND ADSORPTION STUDIESL 

Three artificial graphites have beer1 stuclied by X-ray, electron microscope, and adsorption 
techrliques. Surface areas were ca lc~~la ted  from the adsorption isotherms and from the X-ray 
spectra. The two sets of areas were of the same orcler of magnitude and varied from 18 ~ n . ~ / g .  
for the graphite of smallest surface area to 385 ~ n . ~ / g .  for the graphite of largest surface area. 
The appearance of the graphites under the electron lllicroscope \\-as in qualitative agreement 
with the adsorptioll and X-ray data.  

INTRODUCTION 

Two previous papers (4, 5) on the adsorption of gases by graphite have shown that the 
artificial graphites studied were porous adsorbents which displayed Type I1 isotherms 
in the B.E.T. classification. I t  was also found that the graphites displayed two types 
of hysteresis. The first type, which was observed a t  high relative pressures (above 
$/Po = O.5), was associated with the porous structure of the graphite. The second type, 
seen a t  relative pressures below $/Po = 0.5, was attributed to intercrystalline swelling. 
In every case, the isotherms were smooth Type I1 isotherms without any of the humps 
which have become associated with homogeneous surfaces (1). Hence, it was concluded 
that these graphites presented heterogeneous surfaces to gases a t  liquid nitrogen tempera- 
tures. These effects were observed with graphites varying in area from 20 m.?/g. to 
approximately 100 rn."g. Finally, it was shown that the above phenomena were associated 
solely with the graphite and were not caused by traces of inorganic material present in 
the graphites. 

Early X-ray studies of graphite (7) showed the crystal to be composed of layers of 
coplanar carbon atoms arranged in hexagons. The layers were separated by distances 
which were large compared with the interatomic distances within each layer. This classical 
structure was termed hexagonal holohedral. Atoms within the plane were 1.42 A apart 
and the planes were separated by 3.34 A. 

The unit cell was hexagonal with 
a = 2.456 A, c = 6.696 A, and the four atoms in the follo\ving two sets of special 

positions of C6mc: 

(a)  0, 0, Z L ;  0, 0, u++, 
(b) 1/3, 2/3, v ;  2/3, 1/3, v++ with zc E 0 and v k 0.05. 
The packing in the crystal is such that half the carbon atoms in adjacent layers lie 

over one another (A atoms) while the other half (B atoms) lie over empty hexagon 
centers. This paclcing is designated ABAB . . . . 

Further work revealed a second structure which could coexist with the classical hexa- 
gonal one above. This structure was composed of the same hexagonal nets of carbon 
atoms, but the planes were stacked differently than in the structure just described. 
The sequence was such that the fourth plane was identically placed to the first, i.e. 
ABCABC . . . . When this structure was indexed on the unit cell given above, fractional 

'il[a?zzrscript received September 21, 1956. 
Contribution froilz the Defence Research CIzemical Laboratories, Ottawa, Canada. Also isszred as D.R.C.L 

Report No. 224. 
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indices were obtained, which accounted for the extra lines observed on some graphite 
spectra. These indices, which contain a multiple of 2/3, are most simply explained by 
postulating a graphite structure with a c axis 3/2 as  long as the usual one, i.e. a = 2.456 A 
and c = 3/2 X 6.696 = 10.044 A with atoms in positions 0, 0, 0 ;  1/3, 2/3, 0 ;  0, 0, 1/3; 
2/3, 1/3, 1/3; 1/3, 2/3, 2/3; and 2/3, 1/3, 2/3. This structure is rhombohedral with 
a = 3.635 A, a = 39.4g0, atoms a t  f u,  u, u (u = 1/6), and space group R SM.  This 
second form occurs widely in natural and artificial graphites, sometimes to as much 
as 15%. 

I t  was thought to be of interest to study some of the artificial graphites by means of 
the X-ray camera and electron microscope and to attempt to correlate the results with 
adsorption data. For this purpose, graphites of widely different surface area were chosen 
so that differences between them would be readily discernible. The spectra of these 
graphites showecl no evidence of the rhombohedral form and are indexed below on a 
hexagonal lattice. 

EXPERIMENTAL AND RESULTS 

Three graphites mailufactured by Acheson Colloids Ltd. were used in these studies. 
They were designated as G-3, G 5 ,  and GF-5. G 3  has been described in two previous 
papers (4, 5). G 5  was an Acheson graphite of high surface area. GF-5 was prepared by 
treatment of a sample of G 5  with strong hydrofluoric acid followed by washing with 
copious quantities of distilled water. This treatment has been found to remove effectively 
small quantities of inorganic ash from the graphite. The experimental work is presented 
under the following three headings: Adsorption, X-ray Spectroscopy, and Electroil 
Microscopy. 

Adsorp t ion  
The apparatus and procedures are exactly as  described previously (4). 
Isotherms for the adsorption of nitrogen by G-3, G-5, and GF-5 are presented in 

Fig. 1. The isotherm for G 3  has been published previously (4), but is reproduced for 
purposes of comparison with those of G 5  and GF-5. I t  is immediately obvious that 
G 5  and GI;-5 have about the same surface area and that the surface area of G 3  is 
very much less than those of the other two graphites. This point is also demonstrated by 
the data of Table I ,  which gives the surface areas calculated by the B.E.T. equatioil (2). 

TABLE I 

Surface area, 
Graphite m."g. 

X - r a y  Spectroscopy 
G 3 ,  G 5 ,  and GF-5 were already fine powders and were therefore used without 

pretreatment. Each powder was coated on to a glass fiber 0.09 mm. in diameter using a 
thin layer of white vaseline as  an adhesive. The layer of carbon was formed into a uniform 
cylinder by means of a needle under a stereomicroscope. The specimen was then mounted 
in the camera. The over-all diameter of such a specimen was about 0.15 mm. 
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WILSON AND McDERMOT: STRUCTURE O F  ARTIFICIAL GRAPHITES 

RELATIVE PRESSURE 

FIG. 1. 

The powder spectrum was photographed using a Unicam S25 camera (30.0 mm. 
radius). Exposures were usually about 5 hours, and were made with both cobalt and 
copper radiations appropriately filtered. After the spectrum had been exposed, a density 
scale was printed on each negative by exposing clear parts of the film to suitable radiation 
intensities for a known series of times. All filins were developed in a standard manner. 
Spectra for G 3 ,  G 5 ,  and GF-5 are given in Fig. 3. 

After development the film was photometered using a visual split-beam photometer. 
Both spectrum and density scale curves were then obtained enabling relative intensities 
for each line to be measured. The curves were then plotted and corrected for background 
intensity. Finally, a curve was obtained for each graphite showing the relative intensity 
of each line versus its position on the film. 

In order to determine the true line broadening due to particle size, the above curves 
had to be corrected for the doublet nature of the radiations and the broadening due to 
the experimental arrangement. Both of these corrections were made by taking photo- 
graphs of finely-ground pure sodium chloride. This compound gave a set of clearly 
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resolved lines spaced a t  suitable intervals. From its spectrum, the natural broadeiliilg 
due to the experimental arrangement was measured for all values of the diffraction 
angle 8. 

A curve \vas calculated for the camera used giving the peal; separatioil to be expected 
for the I<,, and K,, lines for each type of radiation. This curve showed that a inaximuin 
separation of 0.12 mm. was to be anticipated for the lines usecl. Inasmuch as the limit 
of resolution of the photometer was 0.1 mm. and since the above correctioli includes 
most of the doublet corrections, no further correction for I<,, and I<,, was made. The 
corrected curves are given in Fig. 2 for all three graphites. I t  is obvious that the lines for 

G-3 are much sharper than those for G-5, consistent with its much smaller surface area 
as demonstrated by its lower ilitrogen adsorption. The lines for GF-5 are quite different 
in profile from those of G 5 .  They are shorter and broader iildicating crystallites of 
different shape. This must be reconciled with the fact that both graphites have the same 
area as measured by ilitrogen adsorption. 

The procedure outlined above gives a linear measure of the true line broadenillg due 
to particle size. This broadening was converted to particle size measurements by a set 
of graphs relating E, the particle dimellsioil normal to the crystal planes giving a spectrunl 
line a t  angle 8, and P ,  the angular broadening. The equation used was 

= T / P  cos e 
where T is the wave length. 

The values of E were read from these graphs corresponding to various values of T.  

The accuracy with which E can be measured depends on the two factors involved in 
the determination of 8. These factors are B ,  the width of the broadened line in the 
graphite spectrum, and b, the width of the unbroadened line in the salt spectrum. The 
errors inherent in determiiliilg B and b vary with the line width and angular position. 
The ratio b/B was coilverted to P/B by means of the Jones Curve (3), which has been 
reported to give reasoilable accuracy in the case of graphite. The quantity P is obtained 
in linear measure from p/B and B. Coilversioil of p to angular measure and hence to E 

does not introduce inaccuracies of more than a few per cent. I t  is obvious that the greater 
the broadening the less important are the instrumental errors, hence the smaller values 
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of E are more accurate than the larger. The values of E nor~nal to three crystal planes are 
given in Table 11. 

TABLE I1 

E in  A talien normal to :  
Graphite - 

1120 1122 0004 

Eleclrofz Microscopy 
The three graphites were photographed by means of a Philips electroll microscope 

wit11 a resolving power of about 20 A. The specimens of graphite were prepared in two 
ways both of which gave substa~ltially the same results. In the first method, some of 
the dry powder was placed on a Forrnvar-coated Athene specimen grid under a stereo- 
microscope. The second method consisted of dispersing some of the powder in water and 
then placing a drop of the resulting suspension on a grid. After drying, the specimen was 
ready for observation. The microscope field was calibrated by means of a grating replica 
of 1000 lines per mm. 

Many photographs were talcen il l  order to ensure that they were representative of the 
graphites. Three typical photographs are shown in Figs. 4, 5, and 6. I t  is immediately 
apparent that the graphite of smallest surface area ( G 3 )  was composed of crystallites 
which were flatter and more regular than those of the graphites of high surface area 
( G 5  and GF-5). The crj:stallites of G 5  and GF-5 were made up of crumpled sheets 
\vith a granular appearance on a scale of about 30 A. The particles of G-3 are very much 
more ~nassive than those of G 5  and GF-5, in agreement with the X-ray data for G 3 ,  
which shows sharp hkO and 001 lines. The particles of G-5 and GF-5 are wispy and ill 
many cases, almost transparent to  the electron beam. This is in line with the X-ray da ta  
which display broad 001 lines of low intensity. The particles of all the graphites are 
broken up and are composed of small crystallites piled in an irregular way, hence it is 
i~npossible to calculate surface areas from the photograplls. However, it is clear that the 
observations are qualitatively in agreement with the X-ray and adsorption data. 

I t  can be seen from the photographs that the adsorbing surfaces would contain many 
craclcs, crevices, and wrinltles caused by crumpled-up graphite sheets. This \\lould lead 
to a variety of energy states depending 011 the degree to which adjacent sheets of carbons 
gave rise to co-operative effects. Hence, it ~vould be expected that  these graphites \\rould 
he energetically Ileterogeneous owing to the topography of the surface. This idea is 
supported by the adsorption isotherms which are smooth curves without the humps 
characteristic of homogeneous surfaces. Graphitic carbons prepared from carbon blacks 
may show homogeneous surfaces (1) because they presumably retain the fairly smooth 
topography of the parent carbon. McDermot and La\vton (6) have shown that these 
graphites are relatively free of chemisorbed oxygen hence the heterogeneity is likely 
to be exclusively of the topographic type. In this connection it was pointed out in the 
I~~troduct ion that removal of any ash present in the graphite left the shape of the iso- 
therms unaffected. 
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DISCUSSION 

The three graphites studied differ principally in degree of subdivision. The differences 
in surface area have been broadly indicated by all three of the methods used to study 
the graphites. The electron microscope photographs, while qualitatively in agreement 
with information from the other two methods, are not amenable to quantitative treat- 
ment. Accordingly, the following discussion will be limited to the X-ray and adsorption 
work. 

I t  was impossible to calculate accurate values for the surface areas of the graphites 
from the X-ray data because no information was available on the distribution of particle 
sizes. For example, according to the method of stacking the crystallites, different 0004 
profiles would be obtained for a given mass of graphite, but the 1122 profile would be the 
same. Calculatiorls such as the ones used, which employ dimensions calculated from the 
0004 line, would tend to  neglect this size distribution effect. However, as a first approxima- 
tion surface areas were calculated from dimensions derived from the 0004 and the 1120 
lines. These are in Table 111 along with areas calculated from the adsorptioil 
data. 

TABLE 111 

Surface area m.?/g. 
Graphite -- 

Nitrogen adsorption X-ray spectroscopy 

The areas calculated from the X-ray patterns are of the same order as those calculated 
from the adsorption data by means of the B.E.T. equation. In view of the approximations 
involved the agreement reached is considered to be good. I t  is of particular interest 
to note that the areas for G-5 and GF-S derived from the X-ray data are in good agree- 
ment despite the differences in these spectra as illustrated i11 Fig. 2. In other words, 
although the crystallites are shaped differently, their surface areas are the same. This 
is in agreement with the fact that the B.E.T. areas are also equal, and their appeal-ances 
in the electron microscope are similar. 
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PYRROLE CHEMISTRY 

I. SUBSTITUTION REACTIONS O F  1-METHYLPYRROLE1 

ABSTRACT 

An investigation of some substitution reactions of 1-rnethylpyrrole has indicated that the 
or-directing effect of the hetero nitrogen during nitration is even less than it is in pyrrole. 
3-Nitro-1-methylpyrrole has been prepared together with the 2-isomer by direct nitration 
of 1-rnethylpyrrole as  well as indirectly. These two compounds have been found to  undergo 
Friedel-Crafts acylation, a reaction not previously reported among- simple nitro con~pounds 
of the 5-membered heterocycles. I t  has been found, contrary to the results of previous 
worlcers, that direct nitration of pyrrole itself yields a mononitro product containing about 
7y0 of the 3-isomer. 

INTRODUCTION 

The reactions of pyrrole and its derivatives, while generally similar to those of the 
corresponding furan and thiophene compounds, show a number of differences. Some of 
these differences are of course due to the presence in pyrrole of the acidic imino hydrogen 
and some are inherent in the ring system itself. We have been interested in preparing 
simple pyrrole derivatives that have not yet been investigated and, in order to avoid the 
reactions due to the imino hydrogen as well as to stabilize somewhat the compounds 
being prepared, we have focused our attention on 1-methylpyrrole (I) the simplest 
homologue not possessing the reactive hydrogen. 

1-Methylpyrrole shows more similarity in physical properties to toluene and the 
methylthiophenes than pyrrole with its imiizo hydrogen does to benzene and thiophene. 
For instance the boiling point of pyrrole is some 40-50" higher than expected probably 
owing to hydrogen bonding, while that of 1-methylpyrrole is where one might predict i t  
to be. Like thiophene, 1-methylpyrrole may be C-metalated with n-butyllithium (13); 
i t  undergoes Friedel-Crafts acylation (4), forms the aldehyde with phosphorus oxychloride 
and dimethylformamide (15), and takes part in many other reactions all leading, with 
the exception of nitration as reported below, to a 2-substituted product when no other 
functional group is present in the molecule. In all its reactions it is much more reactive 
than thiophene. 

Thiophene, furan, and pyrrole are well linown to undergo substitutioil primarily or 
exclusively in an a-position i f  one is open in the ring. The presence of a meta-directing 
group in one a-position may, however, alter this situatioil substantially. Thus it  has 
been found that ilitratioil of 2-nitrothiophene leads to 2,4-dinitrothiophene predomi- 
nantly and much less of the 2,5-dinitro compound (11, 16). From 2-nitrofuran oilly 
2;5-dinitrofuran is obtained (8), indicating the overwhelming a-directing influence of 
the hetero oxygen in furan. The nitratio11 of 2-acetylthiophene gives 4- and 5-nitro-2- 
acetyl isomers in roughly equal amounts (11) but again with the corresponding furan 
compound only 2-acetyl-5-nitrofuran is isolated (10). 

The situation with pyrrole, on the other hand, is somewhat different. Further nitration 
of 2-nitropyrrole is reported by  Rinlces (12) to give about four parts of 2,4-dinitropyrrole 
to one of 2,5-dinitropyrrole. Similarly he found that the nitratio11 of 2-acetylpyrrole 
(XI) gave more of the 2,4-isomer (IX) than of the 2,5- one (X) while with the less strongly 

'Manuscript received Septevzber 24, 1956. 
Contribzition fronz the Chemistry Departnzent, Memorial University of Newfozind2and, S t .  John's, Nfld. 
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meta-directing carbomethoxy group in the 2-position roughly equal amounts of the 
2,4- and 2,5-isomers were obtained on nitration. Many similar results indicate that the 
a-directing effect of the hetero nitrogen in pyrrole during nitration is less than that of 
the sulphur in thiophene, which, in turn, is much less than that of the oxygen in furan. 

I t  was of interest to see first how the replacement of the iinino hydrogen with a methyl 
group would change the directive influences of the pyrrole ring either through electronic 
or steric effects. I t  has now been found that nitration of 2-acetyl-I-methylpyrrole (11) 
following a procedure parallel to that of Rinltes (12) leads to about six parts of 2-acetyl-4- 
nitro-I-methylpyrrole (111) to one of the 5-nitro isomer (IV). This is a distinct change 
from the results for 2-acetylpyrrole where Rinkes found a ratio of roughly 2: 1 in favor 
of the 4-isomer. The structures of I11 and IV have been established by repeating Rinltes' 
preparation of the corresponding pyrrole compounds I X  and X and then methylating 
these two compounds on the nitrogen using sodium ethoxicle and methyl sulphate in a 
modification of the method of Corwin and Quattlebaum (2). Formation of the sodium 
salt using sodium metal was found to be extremely slow even a t  the boiling point of tolu- 
ene; however sodiiim ethoxide gave reasonable yields quite rapidly with these two 
compounds. 

The synthesis of 3-nitro-I-methylpyrrole was then accomplished by subjecting the 
now proved 2-acetyl-4-nitro-1-methylpyrrole to a haloform reaction with alkaline 
sodium hypochlorite which formed the corresponding 4-nitro-1-methyl-2-pyrrole- 
carboxylic acid (VII). This acid was then decarboxylated to give the desired 3-nitro-l- 
methylpyrrole (VI), which was identical with that obtained by direct nitration as 
reported below and consequently proved the structiire of that product. The success of 
the haloform reaction is a n  example of the stability increase caused by the IV-methyl 
group. With simple pyrrole derivatives, nlltaline hypochlorite or hypobromite causes the 
formation of halogenated maleiinides (14). Thus it was not surprising to find that nlltali~~e 
sodium hypochlorite solution gave none of the desired acid in a reaction with 2-acety1-4- 
nitropyrrole, while, as reportecl, the I-methyl compound gave about 40% yield of VII. 
With sinlpler N-methyl compounds there seeins to be a simultaneous nuclear halogen- 
ation and this reaction is being investigated further. 

Although acylation of n 11iti-o compouild has not hitherto been reported for thiophene, 
furan, or pyrrole, it has been founcl possible to acetylate 2-nitro-I-methylpyrrole (V) 
and the 3-nitro isomer (VI) using boron fluoride etherate as a catalyst. As might be 
expected from the combined meta-directing influence of the nitro group and the a -  
directing influence of the hetero nitrogen, only one prod~lct, 2-acetyl-4-nitro-I-methyl- 
pyrrole (111), was obtained from compoui~d VI. With 2-nitro-I-methylpyrrole a single 
compo~incl was again isolated which would be expected to bc 4-acetyl-2-nitro-I-methyl- 
pyrrole (VIII). I t  is not the 2,s-isomer (IV) obtained above and, although we have not 
proved its structure, there seems little doubt of its identity. 

A11 even more strilting indication of the less intense a-directing influence in l-methyl- 
pyrrole was found in the results of direct nitration. When furan is nitrated with acetic 
anhyc11-icle - nitric acid, only the 2-isomer is obtainecl (8) but in the nitration of thiophene 
roughly 5% of the 3-isomer is formed along with the 2-isomer (16). Rinkes founcl only 
2-nitropyrrole in the mononitration product from pyrrole under these conditions (12). 
Followiilg the standard procedure, nitration of 1-methylpyrrole yielded roughly two 
parts of 2-nitro-1-methylpyrrole (V) to one of the 3-isomer (VI). This is similar to  the 
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ANDERSON: PYRROLE CHEMISTRY. I 

results of Dhont and Wibaut (3), who obtained about the same ratio of the 2- and 3-nitro 
derivatives when they nitrated 1-phenylpyrrole. 

This result combined with those reported above maltes it appear qualitatively that 
for nitration the a-directing power of the hetero atoms in these 5-membered rings 
decreases in the order: furan, thiophene, pyrrole, and 1-methylpyrrole. The difference 
between thiophene and pyrrole is not great and probably depends on the individual 
reaction. Nevertheless the fact that Rinkes isolated oilly the 2-isomer from the nitration 
of pyrrole now appears quite remarkable. If 5y0 of 3-nitrothiophene is formed, an approxi- 
mately equal amount of 3-nitropyrrole would be expected. The reported properties 
( I )  of 3-nitropyrrole are unique among the nitro derivatives of these heterocycles in that  
it dimerizes when heated somewhat above its melting point. I t  appeared possible that  
the conditions of isolation or purification used by Rinkes might have allowed a small 
percentage of the 3-isomer to escape detection if Rinkes was not actually searching for it. 

Repetition of the nitration of pyrrole has confirmed this premise. Ordinary crystalliza- 
tion techniques applied to the crude product led only to the 2-isomer, but uncertaiil 
melting points of the partially purified material indicated that another isomer might be 
present. Sinall scale cliromatograpliy on iVIagneso1-Celite gave a definite but not very 
clear separatioil which enabled a small qua~it i ty  of 3-nitropyrrole to be purified by 
further recrystallizatioii. The amount obtained indicated that roughly 5-6y0 of the 
mononitro product was 3-nitropyrrole. A second chromatogram on an increased scale 
and using a proportionately larger column showed that the amount of 3-nitropyrrole 
was a t  least 63% and probably 7%. This again places pyrrole close to thiophene in the 
a-directing influence of its hetero atom during nitration. 
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EXPERIMENTAL 
I-iVfethylpyrrole ( I )  

This compound was Itindly donatecl by the Electrochemicals Department of E. I .  
du Pont cle Nemours and Company, Inc. 

2-Acetylpyrrole ( X I )  
This compound ~ i ~ a s  prepared by the method of Oddo and Dainotti (9). Crystallized 

from water, m.p. 59-89.5". Literature 90". 

2-Acetyl-4-?z*itropyrrole (IX) and 2-Acefy2-6-nitropy~role (X) 
'These compounds were prepared by the nitration of 2-acetylpyrrole following the 

procedure of Rinkes (12). 2-Acetyl-4-nitropyrrole ( IX)  was crystallized from aqueous 
ethanol as pale yellow prisms, m.p. 195-196". Literature 197". Calc. for C G H G N ~ O ~ :  
C,  46.76; H ,  3.92; N,  18.18. Found: C, 4G.54; H ,  4.03; K, 15.15. 2-Acetyl-5-nitropyrrole 
(X) \i7as crystallized from water as fibrous needles, m.p. 154.5-155'. Literature 156". 
Calc. for CsH~N203: C, 46.76; H ,  3.92; N,  18.18. Found: C, 46.98; H,  3.96; N,  18.09. 

2-A cetyl-I -methylpyrrole (11) 
Method A 

Following the procedure used by Hartough and Icosak (5) for the acetylation of furan 
and thiophene, 1-methylpyrrole (16.2 g., 0.2 M.),  acetic anhydride (20.4 g., 0.2 M.),  
and freshly fused and powdered zinc chloride (27.3 g., 0.2 M.) were stirred together in 
250 ml. dry ether for 1 hour and hydrolyzed in GOO ml. cold water overnight. The two 
layers were separated and, after saturation with salt, the aqueous layer was extracted 
twice with ether. The ether was dried over magnesium sulphate and removed to give an 
oil ~ i~h ich  was distillecl a t  88-91" a t  22 mm. Yield 9.8 g. (40%). Hess and Wissing (7) 
report b.p. 75-76' a t  15 mm. 

Met hod B 

In a manner similar to that used by Heid and Levine (G) to acetylate furan and 
thiophene, there was added to a previously chilled mixture of 1-methylpyrrole (4.0 g., 
0.05 M.) and acetic anhydride (6.0 g., 0.03 M.) 0.5 ml. of practical boron fluoride - 
ethyl ether. The heat evolved was not great and the mixture was warmed to about 80" 
and allowed to cool over 30 minutes; it was then poured into 200 ml. cold water. Several 
hours later the solution was steam distilled. After being neutralized with sodium carbonate 
and saturated ~ilith salt the distillate was extracted with ether and the product recovered 
as in Method A. The yield was 1.85 g. (30%). 

Nitration of 2-Acetyl-I-methylpyrrole 

2-Acetyl-1-methylpyrrole (6.2 g., 0.05 M.) was dissolved in 35 ml. acetic anhydride 
and chilled to  -10". To  this was added a cold mixture of fuming nitric acid (5.6 g., 
0.09 M.) in 15 ml. acetic anhydride a t  such a rate as to prevent the temperature from 
rising above 0". The darlc purple solution was poured into 300 ml. ice water and extracted 
three times with ether. The extract was evaporated to dryness in a vacuum and the solid 
taken up in benzene, washed once with 10% sodium carbonate solution, aitd dried. 
The benzene solution was concentrated twice, producing a total of roughly 3.6 g. of 
crude material, m.p. 120-130". The residue after all solvent was removed was a red oil, 
which on steam distillation produced 0.6 g. of crude solid, m.p. 90-95". 

The  first substance, 2-acetyl-4-nitro-1-methylpyrrole (111), was recrystallized from 
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aqueous ethanol to give neeclles, 1n.p. 141-141.5'. Calc. for C7HBN203:  C, 50.00; H ,  4.79; 
N,  16.66. Found: C, 50.23; H ,  4.93; N ,  16.38. 

The second isomer, 2-acetyl-5-nitro-1-1nethj.lpy1-role ( IV) ,  was recrystallized from 
aqueous ethanol to give pale yellow prisms, m.p. 95.3-96'. Calc. for C7HsS203:  C, 
50.00; H,  4.79; N ,  16.66. Found: C,  50.12; H ,  4.83; K, 16.93. This cornpou~ld is very 
se~~si t ive to light. 

Preparation of Compounds 111 and IT7 by N-ilIethylation 
To a solution of 2-acctyl-5-nitropyrrole (X) (0.30 g., 0.002 M.) in 20 ml. dry toluene 

was nddcd 0.5 1111. ethanol in which metallic sodium (0.03 g., 0.002 M.) had been clissolved. 
After the mixture had been heated for 15 minutes all the salt had precipitated; methyl 
sulphate (0.23 g., 0.002 h?.) was then adcled and the solutio~l heated a t  100' for about 30 
minutes. After the solution nas  coolecl 20 ml. of 6 N sodium hydroxide \\as added and 
the mixture shaken vigorously; then the la>m-s were separated. The toluene solution was 
dried with magnesium sulphate and evaporated to dryness under vacuum. The residue 
was vacuum sublimed a t  3 mm., then recr>.stallized from water to  give 0.15 g. (44%) 
of 2-acetyl-5-nitro-1-methylpyrrole, m.p. 94-95' and mixed m.p. with compound IV 

I 
from direct nitration 94-95'. 

In a similar manner 2-acetyl-4-nitropyrrole (IX) was converted to 2-acetyl-4-nitro-l- 

1 mcthylpyrrole, m.p. 139-140' and mixed m.p. with compound 111 from direct nitration 
1 
1 

139-140'. 
I 

i I-lndofornz Reaction with 2-Acetyl-,4-nitro-1-methydpyrrole 
An all;aline solution of sodium hypocl~lorite was prepared by passing chlorine into a 

solution of sodium hydroxide (4.4 g., 0.11 M.) in 4 ml. water chilled by 40 g. ice until 
3.6 g. (0.10 M.) had been absorbed. Then after 2 g. sodium hydroxide was added in 8 
ml. water, the solution was warmed to 65' and compou~ld 111 (1.8 g., 0.10 NI.) was added 
slowly with vigorous shaking while the temperature rose to nearly 90'. When the solution 
had cooled to room temperature a small amount of sodium bisulphite solution 1vas added 
until there was no reaction with starch-iodide paper. After an ether extraction to remove 
any neutral material the solution 1vas carefully acidified with dilute hydrochloric acid 
solution and extracted three times with ether. The product, 4-nitro-1-methyl-2-pyrrole- 
carboxylic acid (VII),  weighed 0.65 g. (38%) and after recrystallizatio~l from water gave 
thick prisms, 1n.p. 199-199.5'. Calc. for CcHcN?OI: C, 42.36; H ,  3.55; N, 16.47. Found: 
C, 42.57; H ,  3.58; N, 16.37. 

Decarboxylation of Acid V I I  
4-Nitro-1-methyl-2-pyrrolecarboxylic acid (50 mg.) and copper powder (25 mg.) 

were mixed intimately and added to 3.5 ml. quinoline in a 10 ml. pear-shaped flask. 
The mixture was heated in an oil bath to 175'; a t  this temperature bubbles were evolved. 
After 10 minutes the temperature had reached 190' and all reaction was over. When the 

I reaction mixture had cooled to room temperature, an excess of ether was added and the 
qui~loline removed by washing the mixture with dilute hydrochloric acid solution. 
The ether extract was washed once with water, dried, and the ether removed. The dark 1 oily residue was crystallized from petroleum hexane to give 30 m g  (80%) of 3-nitro-l- 

I 
metl~ylpyrrole (VI) as long needles, m.p. 60-62'. Another recrystallization from water 
gave very pale cream prisms, m.p. 62-62.5'. Calc. for C5H6N202: C,  47.62; H ,  4.79; 
N ,  22.21. C,  47.25; H ,  4.74; N,  21.86. 
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Nitration of 1 -Methyl$yrrole 

1-Methylpyrrole (12 g., 0.15 M.) was dissolved in 60 ml. acetic anhydride arid cooled 
to -lo0, then treated slowly with a solution of fuming nitric acid (12 g., 0.19 M.) in 
20 ml. acetic anhydride, the temperature being kept below 5" during the addition. 
After being poured into ice water and extracted with ether the extract was washed with 
soclium carbonate solution until no longer acidic, the11 dried. When the ether had beell 
removed, the residual oil was vacuum distilled to give 5.5 g. of a yellow oil, b.p. 90-95" 
a t  5 mm., and 4.5 g. of dark residue. 

The yellow oil crystallized when cooled and, after being pressed dry on unglazed 
porcelain and recrystallized from petroleum pentane, yielded 4.6 g. of 2-nitro-1-methyl- 
pyrrole (V), m.p. 28-28.5". Calc. for CSHeN202: C, 47.62; H ,  4.79; N, 22.21. Found: 
C, 47.30; H ,  4.93; N ,  21.88. 

The dark residue was repeatedly extracted with petroleum hexane and the crystalline 
solid recrystallized from water to give 2.6 g. of a con~pound, m.p. 62-62.5'. Mixed m.p. 
with 3-nitro-1-methylpyrrole (VI) from the decarboxylatioil was 62-62.5'. 

Friedel-Crafts Acetylation of Compounds V and VI  
T o  a solution of 3-nitro-1-methylpyrrole (VI) (0.2 g.) in 4 ml. acetic anhydride was 

added 0.1 ml. practical boron fluoride - ethyl ether. The solution was warmed slowly to 
100" and allowed to cool again. After hydrolysis and neutralization with sodium carbonate 
solutioil the product, which was not very soluble in ether, was extracted with chloroform, 
dried over magnesium sulphate, and the solvent evaporated. The residue was crystallized 
from aqueous ethanol to give 0.16 g. of a compound, m.p. 140-141'. Mixed m.p. with 2- 
acetyl-4-nitro-1-methylpyrrole (I1 I)  was 140-141'. 

Similarly 2-nitro-1-methylpyrrole (0.5 g.) was acetylated to give 0.35 g. of needles from 
water, m.p. 113.5-114". Calc. for C7H8T\.Tz03: C,  50.00; H ,  4.79; N, 16.66. Fouild: C,  
50.18; H ,  4.87; N, 16.22. This compound is almost certainly 4-acetyl-2-nitro-1-methyl 
pyrrole (VII I). 

Nitration of Pyrrole 
This reaction was carried out following the procedure of Rinkes but on twice the 

scale. T o  pyrrole (10 g., 0.15 M.) in 80 ml. acetic anhydride was added fuming nitric 
acid (11.3 g., 0.18 NI.) in 40 ml. acetic anhydride, the temperature being kept below 5'. 
The crude solid isolated weighed 9.8 g. Attempts to recrystallize small portioi~s led first to 
crude material of wide melting range and then to pure 2-nitropyrrole, m.p. 55-56'. 
Literature 56". 

After a preliminary trial, 1.00 g. of crude was dissolved in 8 inl. beilzene-ethanol 
(9: 1 by volume) and chroinatographed on a column consisting of a mixture of Magnesol 
and Celite (3: 1 by weight) weighing 50 g. Elution was carried out with the same solvent. 
The first solid-containing fraction was evaporated to dryness leaving 0.18 g. solid. 
This was extracted repeatedly with sinall amouilts of petroleum pentane and first 0.10 g. 
of 2-nitropyrrole, m.p. 50-52', was obtained. Then 65 mg. ol 3-nitropyrrole, m.p. 63-64' 
(literature 63"), was recovered. Fraction two contained oilly 2-nitropyrrole so, allowing 
for small losses, it appears that roughly 7% of the crude nitration product from pyrrole 
is 3-nitropyrrole. 

To  confirm its identity the 3-nitropyrrole was recrystallized from water, m.p. 100-101'. 
Literature 101'. Calc. for C4H4N202: C, 42.86; H ,  3.60; X, 24.99. Found: C, 42.78; 
H ,  3.62; N, 25.08. 
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SELECTIVE SUBSTITUTION IN SUCROSE 

I. T H E  SYNTHESIS O F  11,4,6'-TRI-0-METHYL SUCROSE' 

ABSTRACT 

Sucrose was tritylated and acetylated to give a crystalline tri-0-trityl-penta-0-acetyl 
sucrose derivative, and detritylation of this product by graded hydrolysis with acetic acid 
followed by methylation and deacetylation yielded l1,4,6'-tri-0-methyl sucrose. The structure 
of the tri-0-methyl sucrose was established by periodate oxidation and by hydrolysis to  the  
corresponding 0 -~ne thy l  ethersof glucose and fructose. Xcetyl group migration from C 4  to  C6 in 
the glucose moiety of sucrose probably occurred during the methylation reaction. 

Some aspects of syntheses involving sucrose are discussed. 

INTRODUCTION 

Although the molecular structure of sucrose has been carefully established (3, 21, 22, 
34) and it is one of the cheapest and most abundant of the available fine organic chemicals 
(9), the satisfactorily characterized sucrose derivatives appear to be limited to the octa- 
0-substituted compounds which carry in each case one kind of ester or ether group 
(Table I).  An exception is 11,6,61-tri-0-methyl sucrose, which was prepared and character- 

TABLE I 

FUNCTIONAL DERIVATIVES OF SUCROSE OF ESTABLISHED STRUCTURE 

Derivative M.p.  ID I ~ D  Reference 

Octaacetate 

Octabenzoate 

Octanitrate 

Octapropionate 
Octaallyl 
Octamesyl 
Octatosyl 

88-89" 
60-63" 
(+2 moles of CCI.,) 

Siruo 
~.~. '115"/10-3 mm. 
45-46" 
Sirup 
86-94 (uncorr.) 
82-86 (uncorr.) 

ized as the penta-0-acetyl compound by Percival (28). Other partially 0-substituted 
sucrose derivatives and sucrose compounds with mixed 0-substituents have been 
reported frequently but without proof of structure (4, 15, 19). 

The scant attention that sucrose derivatives have received may in some degree be 
attributed to the molecular structure of sucrose itself. The presence in the polyol inole- 
cule of five secondary and three primary hydroxyl groups each with a unique structural 
environmeilt makes theoretically possible the synthesis of an enormous number of 
sucrose derivatives. Substitution of just one kind of R group for hydroxyl hydrogen 
could theoretically give some 255 different compouilds and with mixed R groups the 

lManuscript received Septenzber 4 ,  1956. 
Contribution from the Department of Chemistry, University of British Columbia, Vancozlver, B.C. Presented 

i n  part at the second Western Regional Conference, the Clzentical Institute of Canada, Vancouuer, September, 
1954. 

?Present address: Research and Dmelop~nent Department, Powell River Co7,zpany Limited, Powell R,iuer, B.C. 
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number becomes astronomical (for example 1.6X lo7 possible octa-0-R derivatives for 
eight different R groups). Synthetic preparations from sucrose are hampered by the 
very easy acid hydrolysis of the double glycosidic linkage (25, 32), which limits the 
application to sucrose of synthetic procedures commonly used with the less acid-sensitive 
mono- and di-saccharide compounds. Furthermore, the steric hindrance imposed on 
some of the hydroxyl groups as a consequence of the size and preferred conformations 
of the sucrose molecule makes complete substitution difficult as, for example, in the 
well-known case of methylation of sucrose (6). 

The objective of the present work was the synthesis of a sucrose derivative with the 
five secondary hydroxyl groups "bloclted" with acetyl groups in preparation for a study 
of the comparative reactivity of the free primary alcohol groups. The structure of the 
penta-0-acetyl sucrose was to be established by methylation and hydrolysis to mono- 
saccharide derivatives. The series of preparations is outlined in Fig. 1. 

Sucrose 

1 (1) TrCl in pyridine 
(2) AczO pyridine 

Tri-0-trityl-penta-0-acetyl sucrose 

1 detritylation 

Penta-0-ac2tyl sucrose 

1 C H J ,  Agz3 
AczO, pyridine -\ +- 4 

J Tri-0-methyl-penta-0-acetyl sucrose (-75%) Octa-0-acetyl sucrose 
Di-0-methyl-0-acetyl sucrose (-25%) 

\ ~ o n o - ~ - r n e t h ~ l - ~ - a c e t ~ l  sucrose (-1%) 

1 deacetylation 

J Tri-0-methyl sucrose 
Di-0-methyl sucrose 

\ ~ o n o - 0 - m e t h y l  sucrose 

1 chromatographic separation 

Tri-0-methyl sucrose 

1 (1) hydrolysis 
(2) chromatographic separation 

4-0-Methyl-D-glucose + 
1,6-Di-0-methyl-D-fructose 

FIG. 1. 

Josephson in 1929 (19) reported the synthesis of a crystalline "tritrityl sucrose" by 
treatment of sucrose with 3 moles of t r iphe~~ylch loromet l~a~~e  in pyridine for 2 hours 
on the steam bath. The constants reported were m.p. 127-129" C. and [a]A3 f43.4" 
( c  = 2.4 in ethanol) and the product was analyzed for carbon and hydrogen but not 
for trityl content. In  our attempts to reproduce these results we obtained in each case 

1 

a colorless glass with a softening point of about 125-130" C. which was a mixture of 
tri-0-trityl sucrose, products with lower trityl content, reducing sugar fragments, and 

I 

tritanol. We were unable to prepare pure tri-0-trityl sucrose by this route and also were 
I 

unable to obtain a compound corresponding to the one reported by Josephson as resulting 
I 

from acetylation of his tritritylsucrose. 
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We found that tri-0-trityl-penta-0-acetyl sucrose was convenieiltly prepared in 
crystalline form by tritylation of sucrose in pyridine solution a t  room temperature 
followed by acetylation in the same solutioll (29). Tritylatioil a t  higher temperatures 
gave a less pure product and no substantial increase in yield. The crude yield did not 
exceed 50y0 in any of the preparations and the mother liquors were strongly reducing 
toward Fehling's solution, indicating that a coilsiderable degree of hydrolysis had 
occurred. Our tritylated and acetylated sucrose derivative could be recrystallized from 
methanol in admixture with chloroform or from chloroform- petroleum ether (b.p. 
30-60" C.) as beautiful six-sided prisms which melted sharply a t  235-236" C. (corr.), 
had [a]: f 68.9" (c = 2.45 in chloroform), and reduced Fehling's solution onljr after 
acid hydrolysis; the compositio~l was confirmed by the determination of the trityl and 
acetyl contents and the molecular weight and by the carbon and hydrogen analysis. 

To  effect the selective removal of the trityl groups from the tri-0-trityl-penta-0-acetyl 
sucrose, three methods were investigated: (a) the use of a hydrogen halide in an organic 
solvent (7, 13), (15) catalytic hydrogenation (24, 33), and (c) graded hydrolysis with 
aqueous acetic acid (20). Since the trityl ether and the glycosidic linlcage of sucrose are 
both notably sensitive to acid hydrolysis (10) it was expected that  competition would 
occur in methods (a) and (c), and indeed method (a) caused extensive ii~version of the 
starting material and none of the desired product could be isolated. I11 method (b) 
catalyst poisoning was troublesome and the yields of penta-0-acetyl sucrose were lorn. 
Method (c) gave the acetate conveniently (43430% yield) when optimum conditions 
had been established. The penta-0-acetyl sucrose was obtained in crystalline form 
(m.p. 155-156" C.; [a]: f 22.0" (c = 3.1 in chloroform)) and analysis indicated the 
compound to be a dihydrate. Acetylation of this con~pound gave the known octa-0- 
acetyl sucrose in 6lY0 yield. 

The progress of the inethylation of the penta-0-acetyl sucrose with Purdie's reagents 
was followed by deacetylating samples with a strongly basic ion exchange resin and 
chromatographing the mixed sucrose ethers on paper (Table 11). After five methylations 

Paper chromatograms" 
Number of P - -- 

methylations Sucrose A~Iono-0-methyl Di-0-methyl Tri-0-methyl 
S L I C ~ O S ~  s ~ ~ c r o s e  S L I C ~ O S ~  

(R, O.Oi)t ( R ,  0.08) t (Rr 0.20)t ( R ,  0.40)t 

Distinct Distinct - 
Faint Distinct Distinct - 
- Distinct Distinct Faint 
- - Faint Distinct 

*Dcoeloperr bz~ta7zol-etl~a7~ol-water (5 : 1 : 4 a h ) ;  s p a y  reagenl: p-anisidilze l~ydrochloride. 
tBriglzl yellow, U. V.-Jlz~oresce?~t spols. 

the chromatograms indicated that substitution was essentially complete and the pro- 
duct was isolated as a colorless glass with the correct methoxyl and acetyl analyses. 
The crude tri-0-methyl-penta-0-acetyl sucrose, which did not crystallize during 6 
months' standing, was deacetylated in goy0 aqueous methanol solution on a columil of 
strongly basic ion exchange resin which had previously been tested with sucrose octa-0- 
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acetate, in which case pure crystalline sucrose was obtained in better than goy0 yield. 
The eluate from the column yieldecl nearly the theoretical amount of sirupy partially 
methylated sucrose; paper chromatography showed this product to  be about 75% 
tri- and 25y0 di-0-methyl sucrose accompanied by a trace of mono-0-methyl sucrose. 
Pure tri-0-methyl sucrose was isolated from the mixture by means of a cellulose column. 

When treated with an aqueous sodium metaperiodate solution the tri-0-methyl 
sucrose used up 1.8 moles of oxidant in G hours a t  room temperature and no further 
consumption occurred during the next 18 hours; no formic acid could be detected in the 
reaction mixture. Examination of tlie formulas of the 5G possible tri-0-methyl sucrose 
derivatives revealed that the l',G,G1-isomer could be expected to consume 3 moles of 
periodate ion and form 1 mole of formic acid while the 11,2,G-, 2,G,G1-, 1',2,G1-, 11,4,6-, 
4,6,G1-, and 11,4,6'-isomers nrould consume 2 moles of periodate a ~ i d  produce 110 formic 
acid. Nine of the other isomers would consume 2 moles of periodate and produce 1 mole 
of formic acid and tlie remaining 40 isomers would consume either 1 mole or no periodate 
ancl form no forlnic acid. ?'he results obtained in the perioclate oxidation of our tri-0- 
methyl sucrose therefore clearly ruled out the 11,6,6'-tri-0-metliyl structure and pointed 
to one of the six compounds ~vlnich carry seco11da1-JJ rnethoxyl groups on C2 or CaI of the 
glucose moiety and two other primary methoxyls. 

Acid hydrolysis of the tri-0-methyl sucrose ancl chromatograpliy of the hydrolyzate 
on a cellulose column yielded one mono-0-methyl hexose ancl one di-0-methyl hexose. 
The mono-0-methyl hcxose was identified as 4-0-methyl-D-glucose by the optical 
rotation, :unalysis, behavior on paper chrornatograms, and by its conversion to  the 
l;no\vn, crystalline 4-0-metlij-1-D-glucose phenylosazone. 

'The di-0-methyl hexose (with correct metlioxyl content) was a colorless liquid with 
[a]: + 17.4' (ecluilibrium value) ( c  = 1.84 in water). I t  consumed 3.2 moles of periodate 
(constant value after 24 liours) and procluced 1.71 moles of acid and no formaldeliycle 
in 58 hours a t  room temperature. The R, and I?, ,  values for tliis compound on paper 
chrornatograrns developed wit11 butanol-ethanol-~vater (5 : 1 : 4 v/v) were larger 
than the corresponding values reported for the di-0-methyl glucose derivatives ailcl for 

1;1now11 3,4-di-0-~nethyl fructose (14). The bright yelloar U.V.-fluorescent spot fornled 
by spraying the chromatogram \vith !I-anisidine hydi-ocliloride reagent was characteristic 
oi a 1;etose (17). Examination of the foi-mulas of the possible di-0-metli\~l fructoscs and 
th-is theoretical bclnavioi- to\vard periodate oxidation clearly indicated that our di-0- 
mct115-1 liesose was I ,(i-di-0-methyl fructose, which has not previously been reported 
(2). This conclusion \\as supported by the chro~natogi-aphic evidence and by the equili- 
briuin specific rotz~tioii obszrved, which nTas in good agreement \vit11 the val~ies reported 
or calculated lor D-fructoluranos~ and its 0-metliyl ethers and distinctly different fro111 
the.,large negative rotation given by the O-inethyI-D-lructo11~~ra1ioses (2, 22, 28, 34). 
Thz source ancl quantitative yield of the di-0-mctli\.l licxose were also compatible with 
the assigned structure. 

The actual isolation and identification ol 4-0-methyl-D-glucose and 1,G-di-0-methyl- 
D-fructose establishecl the structure of the original ti-i-0-methyl sucrose as the 11,4,G'- 
tri-0-methyl derivative (I) .  Satislactory support to tliis formula was given by the 
results of the periodate oxidation study of the tl-i-0-methyl sucrose. 

I f  the origiiial trityl substitution was assumed to have been a t  the three primary 
alcohol groups in the sucrose ~nolecule (I-Ielferich's Rule ( lo)) ,  it followecl that acetyl 
migration from Cq to C 6  occurrecl in the glucose moiety during the detritylation or 
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methylation reactions. The latter event appeared the more probable, since several cases 
of such migrations in moilosaccharide derivatives during methylation with Purdie's 
reagents have previously been reported (31). The question of the original locatioils of 
the trityl groups in the tri-0-trityl-penta-0-acetyl sucrose will be examined ill Part I1 
of this series. 

EXPERIWIENTAL 

Tri-0-trityl-penta-0-acetyl Sucrose 
Comillercial granulated sucrose (m.p. variable 162-177' C., [a]: $65.57' (c = 26 in 

water)) (5.0.g. ) and freshly prepared triphenylmethyl chloride (14.3 g.) (m.p. 110-111° C. 
(1)) were treated with 100 ml. of dry pyridine and the mixture was allowed to stand 
with occasional shaking a t  room temperature for 48 hours. Acetic anhydride (20 ml.) 
-was then added and the pale yellow solution was stored overnight in the refrigerator. 
The next day a crop of colorless, hygroscopic, crystals was recovered on a filter (6.7 g., 
m.p. 175-177' C.). The crystalline material gave a positive test for chloride ion, an  
acid reaction, yielded triphenyl carbi~lol on hydrolysis with water, and was presumably 
pyridinium tripheli).lrncthyl chloride (11, 12). The filtrate was poured in a fine stream 
~ i t h  stirring into 1.500 1111. of ice water causing the precipitatioi~ of a white amorphous 
solid which was recovered by filtration, ~vashed thoroughly with water, and dried in 
nac.r~o. The procluct crystallized from solutioil in 20 ml. of chloroform diluted with 50 ml. 
of methanol (yield 8.5 g., 457;) as colorless hexagonal plates which, after repeated re- 
crystallizations from cl~lol-ofosm--metl~allol or tetrahydrofuran-metllai~ol, melted sharply 
a t  235--230' C.;  [a]: $68 !I0 (c, 2.45 in chloroform). Analysis: Calc. for C79H74016 : C,  
74.2%; H ,  3.84%; acetyl, 163%;  trityl, 57.1y0; mol. wt., 1279.5. Found: C, 73.7y0; 
14, 5.9%;'%acet~.l, 16.8%; trityl, 5B.ly0; mol. wt., 1270 (Rast method; the lactam of 
cis-p-aminohexah~.drobenzoic acid was used as solvent (30)). 

The tri-0-trityl-penta-0-acetyl sucl-ose was soluble in acetone, chloroform, ethyl 
ether, and tetrahgrdrofuran; insoluble in water, ethanol, methanol, and petroleum 
ether; and reduced Fehling's solution only after acid hydrolysis. 

Penta-0-acetyl Sucrose 

(a) A solution of tri-0-trityl-penta-0-acetyl sucrose (2.0 g.) in glacial acetic acid 
(50 ml.) was heated to boiling and 1 ml. of water was introduced. After refluxing for 
33 minutes the solution was cooled, the solvent evaporated under reduced pressure a t  
59' C., and the partially crystalline residue was dried in vacuo. Recrystallizatioil from 

*Carbon and hydrogen analyses by PV. Man- Zz~rich,  Swilserland. 
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chloroform and petroleum ether acidified with acetic acid yielded colorless, needle-like 
crystals of penta-0-acetyl sucrose dihydrate (504 mg., 53y0). Tritanol was recovered 
from the inother liquor. The penta-0-acetyl sucrose dihydrate was recrystallizecl to a 
constant melting point (155-156' C.) and had [a]: +22.0 (c = 3.1 in chloroform). 
Analysis: Calc. for C2sHa2Ols 2H.0: acetyl, 36.6y0. Found: acetyl, 36.6y0. The dihydrate 
was soluble in methanol, acetone, chloroforin; was insoluble in water and petroleum ether; 
gave a positive i\iIolisch test; and reduced Fehling's solution only after acid hydrolysis. 
Acetylation of the co~npound gave octa-0-acetyl sucrose in 6lyO yield ; m.p. 86-88' 
(23), not depressed on admixture with an authentic sample. 

Some hydrolysis of the glycosidic linkage occurred during the detritylation since the 
reaction mixtures showed reducing action toward Fehling's solution. The effect of varia- 
tion of time of reaction on the yield of penta-0-acetyl sucrose was as follows: 13 minutes, 
23-31y0; 30 minutes, 43-60y0; 60 minutes, %yo; 120 minutes, OyO. Variation of the 
amount of water added to the glacial acetic acid solution did not greatly influence the 
yield: 0.25 ml., 23%; 1.0 ml., 31y0; 2.0 ml., 26y0 (reaction time, 15 minutes). 

(b) Catalytic hydrogenation was found to cause complete detritylation of only ex- 
tremely pure samples of tri-0-trityl-penta-0-acetyl sucrose; less pure samples yielded 
a mixture of mono- and di-0-trityl sucrose derivatives (with palladized charcoal catalyst) 
or these compounds together with sucrose derivatives substituted with tricyclohesyl- 
methyl groups (platinum oxide catalyst). 

A 5.0 g, sample of tri-0-trityl-penta-0-acetyl sucrose which had been recrystallized 
18 times alternately from chloroform-methanol and chloroform - petroleum ether (b.p. 
30-60" C.) was dissolved in glacial acetic acid and hydrogenated under 4 atm. pressure 
in the presence of platinum oxide a t  40-50' C. After 34 hours 2.55 g. of crystalliile tri- 
cyclohexylmethane (83y0 of theor.) was recovered by filtration. Evaporation of the 
filtrate and crystallization of the residue yielded 0.60 g. (27%) of nearly pure penta-0- 
acetyl sucrose. I n  subsequent runs the yields obtained were 20, 38, 16, and 23y0. Using 
palladized charcoal as catalyst a sample of the very pure tri-0-trityl compound also 
gave a 20y0 yield of the penta-0-acetyl sucrose accompanied in this case by triphenyl- 
methane. 

(c) A solution of tri-0-trity-pe11ta-O-acetyl sucrose (3.0 g.) in glacial acetic acid 
(80 ml.) was treated with 20 ml. of acetic acid saturated with hydrogen bromide (7, 
13). Trityl bromide (1.7 g., m.p. 150-152' C.) precipitated immediately and was removed 
by filtration. The filtrate was diluted with chloroforn~, ~vashed free of acid, and dried 
over anhydrous sodium sulphate. Evaporation of the solvent yielded a brown sirup 
which could not be induced to crystallize and was found to be strongly reducing towal-d 
Fehling's solution. Rilodifications of the procedure were applied, including the use of 
propionic acid or benzene as solvent, the use of hydrogen chloride as detritylating agent, 
and the use of buffered solutions for washing, but a non-reducing carbohydrate fraction 
could not be isolated from any of the reaction mixtures. 

Methylation of Penta-0-acetyl Sucrose 
Penta-0-acetyl sucrose dihydrate (1.579 g.) was dissolved in dry acetone (25 ml.) 

and freshly distilled methyl iodide (15 ml.), silver oxide (5 g.), and Drierite (2 g.) were 
added. The mixture was refluxed for 15 hours and filtered, and the filtrate was eva- 
porated to give a viscous colorless sirup. A sample of the partially methylated sirup 
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was dissolved in methanol and deacetylated by heating with Dowex I strongly basic 
ion exchange resin for about 2 hours. The solution was then chromatographed on paper 
using butanol-ethanol-water (5 : 1 : 4 v/v) as developer. Treatment of the developed 
chromatograms with p-anisidine hydrochloride spray reagent (17) showed bright yellow 
spots for sucrose and sucrose 0-methyl ethers which fluoresced strongly under an ultra- 
violet lamp. The R, values for these compounds are given in Table 11. The meth~~lat ion 
procedure was repeated five times essentially as described above and the course of the 
reaction was follo\ved by the chromatographic method as shown in Table 11. After the 
second methylation the partially methylatecl sirup dissolved completely in methyl 
iodide, and acetone was then omitted from the reaction mixture. The final product was 
a colorless glass (1.55 g.) which did not crystallize during 6 months' standing; [a]: 
$57.7" (c = 3.72 in chloroform). Analysis: Calc. for tri-0-methyl-penta-0-acetyl sucrose, 
Cl'5H38016: 0 C H 3 ,  15.7%; acetyl, 36.27,. 
Found: 0 C H 3 ,  15.5, 15.87,; acetyl, 36.2, 36.0y0. 

Tri-0-lnetl~yl Sucrose 
A solution of the metlzylated penta-0-acetyl sucrose (1.30 g.) in 90% aqueous methanol 

was rull onto a column of Dowex I strongly basic ion exchange resin (20X1.8 cm. diam.). 
After stnl~cling 24 hours the column was ~vashed with 600 ml. of the same solveilt, and 
the eluate nras evaporated to a colorless viscous sirup (835 mg., 09%). The sirup failed 
to crystallize after being left for several months and a paper chromatogram sho~vcd it 
to consist of ca. 75y0 tri-0-methyl, 25y0 di-0-methyl, and 1% mono-0-methyl sucrose. 
About 650 mg. of the sirup was cl~romatograpl~ed on a cell~~losc coluinl~ (30X2.6 cm. 
diam.) using butanol-water as developer. The di-0-methyl sucrose fractions on eva- 
poratioll yielded 193 mg. of a colorless glass ant1 the tri-0-methyl sucrose fractio~ls 
yielded 472 mg. of a colorless viscous sirup ~vlzich llad [a]? +f37.G0 (c = 1.74 in water). 
Analysis: Calc. for ti-i-0-methyl sucrose, C16H2,011: OCH ,, 24.2%. Found : OCI-I :,, 
24.9, 24.37,. 

PeriotEnte Oxzdntion of the Trz-0-methyl Sz~crose 
X sample of the chi-om,~tographically pure tri-0-rncthl 1 sucrose (19.2 111s.) 1 ~ ~ ~ s  clis- 

solved in 10 ml. of 0.02 ill sodium metaperiodate solutiol~ a t  23" C. ant1 the course 
of  the reaction was follo~~~ecl by titration of alicluots of the solution for periodate ion 
cons~~mccl and for acicl formed. Found: a t  3 hours, 1.7 inoles periodate consumed, 0.023 
moles acicl foi-med; a t  G hours, 1.8 moles cuzd 0.023 moles; a t  24 hours, 1.8 moles ancl 
0.023 moles. Sucrose under the same conclitions gave the follo\\iny results: a t  1 hour, 
2.3 moles periodate coilsuilzed and 0.26 moles of formic acid formed; a t  3 hours, 2.7 ancl 
0.33 moles; a t  G hours, 2.9 ancl 0.47 moles; a t  24 lioui-s, 3.1 and 0.61 nzoles. Flcury and 
Courtois (8) reported a cons~~mption of 3.0 moles of pel-iodate ancl production of 0.70 
moles of formic acid for sucrose after 24 lzours. 

Acid IIydrolysis of the Trl-0-nzefl~yl Sucrose 
Tri-0-methyl sucrose (338 mg.) was l~ydrolyzecl in 10 1111. of 1% acetic acid a t  reflus 

temperature during 5 lzo~u-S. The hydrolyzate was filtered through Celite ruzd evapol-ated 
under reduced pressure to a colorless sil-up (3-42 mg.). A paper chronzatogram of a sample 
oi the sirup was run on the same sheet with authentic specimens of 2-, 3-, 4-, and G-0- 
11zeth) 1-D-glucose under the collclitions described for the cl~romatograpl~y of partiall). 
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methplated sucrose derivatives. The hydrolyzate showed a brown-yellow, U.V.- 
fluorescent spot, I</ 0.29, which agreed in color and RI value with that from 4-0-methyl- 

D-glucose. 2-0-Methyl- and 6-0-methyl-D-glucose gave brown spots which did not 

fluoresce under U.V. light. A bright yellow, U.V.-fluorescent spot, I</ 0.57 (RTG 0.60), 

was the only other present on the chromatogram of the hydrolyzate ancl was tentatively 

assigned to 1,6-di-0-rnethyl-D-fructof~1rai~ose; 3,4-di-0-methyl-D-fructose has been report- 

ed to have a consiclerably lower I</ value (0.51 (RTG 0.61)) as have di-0-methyl glucose 

derivatives, under these conditions (14). The hydrolyzate was chromatographed on the 

cellulose columil and the appropriate fractions gave on evaporation 161 mg. of the 

di-0-methyl hexose ancl 148 mg. of the mono-0-methyl hexose. 

The mono-0-methyl hexose was a colorless viscous sirup, [a]: +61.2' (c = 1.43 in 

water), which did not crystallize after nucleation with 2-, 3-, or 6-0-methyl glucose. 

Analysis: Calc. for mono-0-methyl hexose, C7H140~ : 0 C H 3 ,  16.070. Found: OCHB, 
15.5, 15.9%. A phenylosazone was prepared in 40Y0 j~ield which crystallized froin aqueous 

acetone as fine yellow needles, 111.p. 156-158' C. The melting point was not clepressed 

on admixture with an authentic sample of 4-0-methyl-D-glucose phenylosazone (5). 

The di-0-methyl hexose was a colorless liquid, [a]: f17.4' (equilibrium value) (c = 

1.84 in water). Analysis: Calc. for CeHIGOc, : OCHB, 29.8%. Found: 0CH3,  20.8, 29.37,. 

Twenty-two milligrams of the liquid was treated with 20 ml. of 0.02 M sodium metaper- 

iodate solution at 25'C. and the oxidation solution was analyzed a t  intervals for the 
amounts of periodate consumed and of acid and formalclehyde produced. Found: at 4 
hours, 3.1 moles pel-ioclate consumed, 1.26 moles of acid formed; at 24 hours, 3.2 and 

1.58 moles ancl no formaldehyde; a t  58 hours, 3.2 and 1.71 moles. 
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THE PAPILIONACEOUS ALKALOIDS 
XXIII .  THE STRUCTURE OF BAPTIFOLINE1 

ARSTRXC?' 
Baptifoline (C15HzoOzN2) has been found on spectroscopic evidence to contain a hydrosyl 

group and an a-pyridone ring. On catalytic hydrogenation it gives rise to tetrahydrobapti- 
foline, \vl!ich has been identilied as I-hyclroxylupanine. Baptifoline is, therefore, 1-13-hydro- 
xyanagjrrIne. 

Baptifoline (C15Hso02Nz), also designated as allcaloid P3, is a base occurr i~~g in Baptisin 
perfobiata (L.) R. Br. (9) and Baptisia minor Lehm. (10). I t  is a crystalline, mo~loacidic 
alkaloid, [a], - l47.7", forming easily crystallizable salts (10). 

I t  contains a free hydroxyl group detected by a strong band a t  3260 cm.-I in its infrared 
absorption spectrum, and a t  3340 cm.-' in that of its perchlorate. There is strong spectro- 
scopic evidence for the preseIlce in the base of an a-pyridoile ring. The  infrared spectrum 
of the base shows an absorption band a t  1650 cm.-I and one a t  1553 cm.-I with a shoulder 
a t  1567 cm.-I, while that of its perchlorate shows three bands a t  1652, 1576, and 
1552 cm.-I. The frequencies of these three bands are almost identical with those observed 
in each of the spectra of cytisine, N-methylcytisine, rhombifoline, anagyrine, and ther- 
mopsine (3, 4), the only other members of the series in which the lactam group is part of 
an a-pyridone ring. 

In the series of the C15 lupine allraloids all those containing an a-pyridone ring such 
as anagyrine ([all, = - 165.3"), thermopsine ([a],, = - 159.G0), and rhombifoline ([a]= 
= -232.4") have numerically high optical rotations whereas those containing an 
a-piperidone ring, such as lupanine ([ff]D = +G1.4"), hydroxylupanine ([a]D = +64.2"), 
and a-isolupanine ([a], = +65.g0), have optical rotations that are numerically relatively 
low. Hence the high optical rotation of baptifoline ([a], = - 147.7") supplies contributory 
evidence of the presence in the base of an a-pyriclone ring. 

I t  was therefore decided, owing to the small amount of material available, that the 
most promising line of attack in attempting to eluciclate the structure of baptifoline 
would be to hydrogenate the double bonds and endeavor to relate the product to the 
Icnown hydroxylupine allraloids containing ail a-pipericlone ring, such as hydroxylupanine 
(2) and lupilaxine (12). 

Accordingly, baptifoline was reduced catalytically under the conditioils employed for 
the conversio~l of thermopsine to a-isolupanine (3). The reaction was rapid and a t  the end 
of. 20 minutes the uptake of 2 moles of hydrogen was complete. Such catalytic reduction 
of the a-pyridone ring in the Clj lupine alkaloids is known to be stereospecific and to 
cause the hydrogen entering a t  C-6 to assume a cis position with respect to the methylene 
bridge (11). Hence the resulting tetrahydrobaptifoline could only be either an hydroxy-a- 
isolupanine or an  hydroxylupanine, depending upon whether baptifoline was a ther- 
mopsine or an anagyrine derivative, i.e., whether the hydrogen a t  C-11 was cis or trans 
relative to the methylene bridge (cf. Ref. 11). 

liManusuipt receiued September 20, 1956. 
Contribz~tion f r o ~ r ~  tlze Dioision o f  P f t re  Clzcnrzstry, National Researc7~ Coztncil. Ottawa, Canada. 
Issued a s  ~V.R .C.  No .  4164. 

- 

2 N o ~ i o n a l  Research Cozlncil of Canada Postdociorate Fellotu. 
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Since it was not possible to obtain the hydrogenated product in crystalline form, it was 
converted to its crystalli~le hydrochloride. The behavior of the hydrochloride 011 heating 
was identical with that of a specimen of hydroxylupanine hydrochloride.%oss of solvent 
was apparent a t  ca. 100" and a change of phase occurred at 180-230". The prisms resulting 
from this change then melted a t  272-273", whereas the final melting point of hydroxy- 
lupanine hydrochloride was 274-276". A search of the literature revealed that a wide 
range of melting points has been reported for the hyclrochloride of hydroxylupanil~e, i.e., 
273" (2), 275" (6), 283" ( I ) ,  288-289" ( 5 ) ,  and 296-298" (7). 

The infrared spectra of the hydrochlorides in chloroform solution (because of low 
solubility) were of little v a l ~ ~ e ;  in nujol mulls they were weak and although they appeared 
identical were not too satisfactory. The samples were therefore sublimed (220-230" a t  

mm.) and the infrared spectra of the hydrochlorides talten by the potassium chloride 
disk method. These were u~ldisputedly identical. Consequently, tetrahydrobaptifoli~~e 
is either d-or 1-hydroxylupanine and, therefore, must contain a hydrogen a t  C-6 which is 
cis and a hydrogen a t  C-11 which is trans relative to  the methylene bridge. 

As an additional confirmation, tetrahydrobaptifoline liberated from its salt was 
chromatographed on paper using butanol saturated with water and glacial acetic acid 
as the solvent phase, and developed with Munier-Dragendorff reagent (13). I ts  RF value 
(0.40) was identical with that of hydroxylupanine chromatographed under the same con- 
ditions. 

I The optical rotations of tetrahydrobaptifoline hydrochloride and of hydroxylupanine 

1 hydrochloride were measured in water solutions. Because the quantity of material avail- 
able was so small, the error involved in the determination was rather large. The literature I records = +45.2" for hydroxylupanine hydrochloride (1) and we found [a]: = 
+55", whereas the rotation of tetrahydrobaptifoline was [a]: = -72". There is no doubt, 
therefore, that  whereas the naturally occurring hydroxylupanine is lcnown to be dextro- 

I 

rotatory, tetrahydrobaptifoli~~e is levorotatory and, hence, must be I-hydroxylupani~~e. 

I t  has been established by Galinovslty, Pohm, and Riedl (8) that hydroxylupanine is 
13-hydroxylupanine and, therefore, because of the established relationship between 
anagyrine and lupanine (11), it can be concluded that baptifoline is 1-13-hydroxyana- 
gyrine, represented by the above formula. 

EXPERI&1ES7TAL 

The infrared absorption spectra were talten with a Perltin-Elmer double beam spectro- 
meter, model 21B, using a sodium chloride prism. Unless otherwise stated they were talten 
on nujol mulls. 

Tetralzydrobafitifoline 
Baptifoline (50 mg.) dissolved in glacial acetic acid (7 ml.) was hydrogenated a t  room 

temperature and atmospheric pressure in the presence of Adams' catalyst (30 mg.). At  

3Prepared front a specit)ren of kydroxy l z~pa~z ine  gzven by Professor V. D~pzilofeu, zvlzose corlrtesy i s  arknozilledged. 
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the end of 20 minutes the compouncl had adsorbed 2 moles of hydrogen. The solution was 
filtered, the catalyst washed several times with acetic acid, and the combi~led filtrate 
and \vashi~lgs evaporated to dryness under diminishecl pressure. The residual colorless 
oil was soluble in acetone, methanol, chloroform, and ethanol, but could not be induced to 
CI-ystallize. Aclclitio~l of ether to the various solutioils caused oiling out. 

The product was converted to the hydrochloride by adding one drop of hydrochloric 
acid to a methanolic solution of the base and diluting the solutioll with acetone. The 
cr).stalline salt was recrystallized twice from metha~lol-acetone from which it separated 
as colorless plates. On being heated the salt lost solvent a t  ca. 100°, showed a change of 
phase a t  180-230°, and melted a t  272-273'. [a]: = -'72"&10° (c, 0.179 in water). 

Authentic hydroxylupanine hydrochloride when heated showed the same behavior, 
and the final melting point was 2'74-276". [a]: = +55" (c, 0.19 in water). 

Tetrahydrobaptifoline hydrochloride was sublimed (220-230' a t  lop3 mm.) and the 
infrared spectrum talcen by the potassium chloricle dislc method. The spectrum was super- 
imposable on that of hydroxylupai~ine hydrochloride talcen under the same conditions. 

Both tetrahydrobaptifoline liberated from its hydrochloride and hydroxylupanine 
were spotted on paper and butanol saturated with water (10 ml.) and glacial acetic acid 
(0.5 ml.) used as the solvent phase. The chromatogram was developed with Munier- 
Dragendorff reagent (13). For both the RF was 0.40. 
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TRIARYLMETHANE COMPOUNDS AS REDOX INDICATORS 
IN THE SCHOENEMANN REACTION 

I. MECHANISM OF THE SCHOENEMANN REACTION1 

A method is outlined for the detection of anticholinesterase agents similar to sarin (isopropyl 
~nethylphosphonofluoridate) in aqueous solution a t  coilcentrations as  low as  0.1 p.p.m. in 
10 ml. of solution by the use of the Schoenen!ann reaction. A new series of indicators, 
4,4'-(2-thenylidene)bis[N,N-din1ethylanili11 var~ously substituted in the thiophcne ring, 
was used in the investigation. The dependence of color formation on pH, chloride ion con- 
centration, and other factors led t o  an explanation of the mechanism of the reactioii involved. 
Chloride ion is necessary for the reaction and, in the absence of the indicator, free chlorine 
can be detected in acid solution. Prcsumably, then, during acidification perphosphonate ion 
reacts with chloride ion to  give hypochlorous acid, \vhich oxidizcs the mono ion of the leuco 
compound to  a dye. 

Ions such a s  cyanide ion, with a lower oxidation-reduction potential than the leuco com- 
pounds, interfere with the test. Oxidation of the leuco compound by hypochlorous acid is by- 
passed in the method described for the detection of sarin i n  the presence of hypochlorous acid. 

INTRODUCTION 

I n  the search for a sensitive method for the detection, in aqueous solution, of anti- 
cholinesterase agents known as  nerve gases, a number of reactions were explored. The  
Schoenemann reaction, which showed the most promise, has been described by Wilson, 
Gehauf, and Rueggeberg (8) and by Epstein and Bauer ( I ) .  I t  involves the formation 
of a perphosphonate ion b y  the interaction of hydrogen peroxide with phosphonofluoridate 
ester in basic solution a s  given in equation 1. 

Sarin Pcrphosphonate ion 

T h e  perphosphonate ion is capable of producing colored oxidatio~i products from certain 
organic compounds. In  this respect o-dianisidine has been extcnsively investigated as 
an indicator b y  Epstein and Bauer ( I )  and b y  Thomas and Grant  (2). B y  extraction 
of the orange oxidized form with organic solvents, as little as  0.1 p .p .n~ .  of agent can be 
detected without interference from a number of substances which arc colored in aqueous 
solution. I t  would be preferable to avoid the use of organic solvents and to have a purple 
or blue indicator of equal or better sensitivity. Certain leuco triarylmethane compounds, 
for example 4,4'-(2-tl~ei1ylidene)bis[N,N-di~11etl1ylaili1e], were found to give blue 
colors on oxidation in the Schoenemann reaction. A number of these leuco compounds, 
variously substituted in the thiophene ring, mere synthesized and tested (7). The  syn- 
theses and properties of the leuco compounds, the results of the tests, and the spectra 
of the dyes will be described in detail in later papers in this scries. 

1Manz~script received September 24, 1956. 
Contribz~fion from Defence Research Board, Defence Research Chen7ical Laboratories, Otta.ioa, Ontario. 

Issued as D.R.C.L. Report 135.4. 
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GR4NT ET AL.: THE SCHOENEMANN REACTION 41 

I t  was previously assumed that the perphosphonate ion oxidizes the reduced indicator 
to the colored compound in acid solution. Preliminary investigation has, however, shown 
that this is not the correct reaction mechanism when the triarylmethanes are employed 
as the redox indicators. Indeed, because of the results of the present investigation in 
which the principal factors involved in the Schoenemann reaction are studied, an alterna- 
tive reaction mechanism must be postulatecl to account for the oxidation of the leuco 
triarylmethane compounds. 

EXPERIMENTt1L AXD RESULTS 
Testing Procedure 

A procedure was adopted for the determination of the variables affecting color forma- 
tion. One milliliter of a 4% aqueous solution of sodium pyrophosphate peroxide 
(Na2P2O7.2H2Oo) was added to 10 ml. of an aqueous solution of sarin (isopropyl methyl- 
phosphonofluoridate) whose concentration (0 to 10 p.p.m.) had been accurately deter- 
mined by the Schoenemann reaction using o-dianisidine as the redox indicator, the cali- 
bration data for this indicator having previously been obtained with solutions of sari11 
made up by weight (3). The solutions of sarin and sodium pyrophosphate peroxide were 
mixed and (optimum within 30 seconds) 1 ml. of a 0.1% solution of the redox indicator 
in dilute hydrochloric acid (1:16) was added. The optimum concentration of hydro- 
chloric acid was found to be a 1/16 N solution, which gave a final chloride ion concen- 
tration of approximately G.5XlO-"ram-ions/liter. The same procedure was followed 
in malting the blank solution except that 10 ml. of distilled water was used instead of 
the sarin solution. Optical density readings of the sarin solution against the blank were 
taken a t  the wavelength of the absorption maximum (ca. 625 mp) using a Becltman Model 
DU spectrophotometer and 2 cm. Corex Cells. The optimum time for this measurement 
was found to be 7 minutes after the addition of the leuco compound. 

Attempts were made to determine polarographically the oxidation-reductio~~ potential 
ior the leuco con~pounds in solutions of optimum pH and chloride ion concentration, 
using the method of Julian and Iiuby (4). The rate of change of voltage was IGO mv./ 
minute instead of the recommended 20 to 40 mv./minute because of the limitations of 
the Leeds and Northsup Electrochemograph, Type E .  Consecluently the results were 
inaccurate ancl iildicated only that the redox potential for tl-ailsformation of leuco corn- 
pound to dye was irom -0.9 to - 1.0 volts while the potential a t  which destructive 
oxidation occurred was bet~veen - 1.0 and - 1.1 volts. 

Previously, attempts had been made to determine the oxidation potential using a 
redox titration according to the method of NIeyer ancl Treadwell (6). The buffers of 
pH. 1.7 which were tried were Clarlt and Lubs potassium chloride-hydrochloric acid, 
Sorensen citrate buffer, and a solution of 0.1 N potassium bisulphate and 0.1 M potas- 
sium sulphate. Oxidizing agents tried were 0.1 N potassiunl dichromate and 0.1 N and 
0.001 N ceric sulphate. For agitation, either nitrogen bubbling or magnetic stirring 
was used. From these measurements it  was impossible to obtain accurate data, for 
clestructive oxidation occurred near the oxidation potential. 

Factors A.fecting Color Developnzent 

In studying these factors use was made of only a few representative triarylmethane 
leuco dyes, namely 4,4'-(2-thenylidene)bis[N,N-climethylaniline] (I(a)) ; 4,4'-(&methyl- 
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optical density a t  the  absorptio~l maximum in this experiment. From these data ,  which 
are indicative of the stability of the  perphosphonate ion, 30 seconds was selected a s  
the  optimum interval before the  addition of the  indicator solution. 

Acidity  of the Solution in TWhich the Color Developed 
Solutio~ls of sarin and sodium pyrophosphate pesoxide were mixed as usual. T o  this 

mixture was added leuco compou~~cl  I(a) dissolved in a solution containing a constant 
concentl-ation of sodium chloride (the optimum, 6.5 X lo-? gram-ions/liter) and different 
co~lcentrations of sulphuric acid, which co~ltrolled the  p H  values of the  medium in which 
the  color developed. 

T h e  effect of p H  on the color developed in the  Schoenemann reaction a t  constant 
chloride ion c o ~ l c e ~ l t r a t i o ~ ~  is given in Fig. 2. T h e  results indicate an optimum acidity 
of around p H  1.6. 

FIG. 2. Eifcct of pH 011 color clevclopmcnt. 

Concentration of Chloride I o n  
T o  the  solutions of sarin and sodium pj~rophosphate peroxide, mixed as  before, was 

added a solutio~l of the  leuco con~pound ,  preparccl in solutions of 1 :50  sulphuric acid 
containing different concentsations of chloride ion as  sodium chloride. 

From the results obtained on varying the  concentration of chloricle ion a t  constant 
p H  1.69 (Fig. 3) a concentration between 5 X  10-%ad 1 gram-ion/liter would seen1 t o  
be optimum. In an a t tempt  to  determine the part  plaj-ed by  chloride ion in the mecha- 
nism of the  color formation, a solution of about 100 p.p.m. of sarin containing 37; 
sodium chloride a-as used instead of the usual 5 p.p.m. sarin solution. When the  test 
was performed a s  previously outlined, bu t  withholding the leuco compound, strong 
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0 .I .2 .3 .4 .5 .6 .7 .8 .9 1.0 1.5 20 
CHLORIDE CONCENTRATION (g-ions/~ihr) 

FIG. 3. Effect of chloride ion concentration on color development. 

chlorine odor was apparent. Chemical proof of the presence of free chlorine was estab- 
lished by the color obtained on drawing the vapors in the flask through a filter paper 
moistened with a O.lyo o-dianisidine dihydrochloride solution which acted as a redox 
indicator for the chlorine. 

The effect of chloride ion was studied when o-dianisidine was used as the indicator. 
o-Dianisidine dihydrochloride was coilverted to the free base with sodium carbonate, 
carefully washed free of chloride, and dissolved i11 absolute ethyl alcohol. The alcohol 
solution was brought to a boil and sulphuric acid added. The white sulphate salt was 
filtered and recrystallized from water in the dark. The Schoenemanil reaction was 
carried out as previously described (I) ,  employing the o-dianisidine dihydrochloride. 
The time of formation and intensity of the color formed was the same for the hydro- 
chloride and sulphate. Therefore, i t  is evident that  chloride ion is not essential when 
o-dianisidine is used as  the indicator. 

Chlorine 
A positive test was obtained when a solution of 6 p.p.m. of aqueous chlorine was 

used instead of the sari11 solution, presumably because of oxidation of the leuco com- 
pound by hypochlorous acid in the acid medium. When, however, a time interval of 3 
minutes was allowed to elapse between the addition of the oxidizing solution and the 
solution of leuco compound, no color was formed, probably because the alkaline peroxide 
had sufficient time to oxidize the hypochlorite. Thus the perphosphonate ion as well 
as hypochlorite will oxidize the o-dianisidine but  only hypochlorite will oxidize the 
triarylmethane compounds. 

Cyanide Ion 
The standard test was carried out,  using a sarin solution containing 200 p.p.m. of 

potassium cyanide. No color was produced in the test. 

Other Anticholinesterase Agents 
"Tabun", which is a phosphonocyanide ester rather than a phospho~lofluoride ester, 

was used in aqueous solution instead of sarin. The standard test was applied. No color 
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GRANT ET AL.: THE SCHOENEMANN REACTION 45 

was obtained unless the tabun was freshly distilled and the aqueous solution just made 
up, whereupon a faint color appeared. 

Acid-Base Titration of the Lezlco Compound 
Compound I(a) was dissolved in 1 N hydrochloric acid to give a 0.05 M solution. An 

aliquot of this solution was titrated with 1 N sodium hydroxide, using a Coleman model 
3A pH Electrometer with a glass electrode. 

The results for the acid-base titration are given in Fig. 4. These indicate an end 

(- --------- - --- - -- 
/' 'ACID + COMPOUND I N 0 . 0 5 M )  v l .  BASE 

I 

FIG. 4. pH of formation of mono ion of compounds. 

point of pH 2.2 for the formation of the mono ion of the compound according to equation 
2. 

DISCUSSION 

.. A number of facts pertailling to the Schoenemann reaction are of interest in elucidating 
the mechanism of reaction. The presence of chloride ion is essential to color developmeilt 
in the Schoenemann reactio~i .rvhen the triarylmethane compounds are used as indicators 
but it is not esseiltial when o-dianisidiile is used. Free chlorine is formed under the 
coilditioils of this reaction .rvhen the indicator is not present, presumably by inter- 
actioil of the essential chloride ion and perphosphonate ion. 

The Schoenemann reaction medium is initially alkaliile (pH 9 to 10.5) and then acidified 
to pH 1.6 to 2.2. Therefore, a study of the oxidation-reduction reactions of free halogen 
in acidic and basic inedia may reveal some information to explain chloride ion dependence 
and mechailism of the reaction. All couples are written accordiilg to the convention 
used by Latimer (5). 
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The reaction between perphosphonate ion and chloride ion in basic solutio~l may be 
considered as a combination of two couples. 

0 0 
/ I  I I 

KO-1'-0- + 20H- d R'O--I3-00- + H 2 0  + 2e [:11 
I 

R 
I 
l i  

and 
C1- + 201-1- - -f C10- + Hr0 + 2e E: = -0.94 v. [4] 

These are both equally depencle~~t on hydrosyl ion concentration so that for the reaction 
to occur the potential (3) must ba considerably Illore negative than -0.94 v. However, 
in alkalii~e peroxide solution hypochlorite ion appeared to be oxidized to chlorite or 
chlorate. This was evident from the fact that,  when a solution of chlorine was used in 
place of sarin, oxidation of leuco compound took place only if acid indicator solution 
was added immediately after the alkaline pel-oxide solution, but if the hypochlorite and 
alltaline peroxide were allou~ecl to react for 3 to 4 minutes prior to addition of indicator 
no dye was formed. This indicates the OC1- is being oxidized to C10; and C10; ions, 
which have lower oxidation potential than OC1- and are therefore unable to oxidize the 
indicator. 

Further, when sarin was present along with hypochlorite and some time was allowed 
to elapse between addition of peroxide and indicator, dye formation was evident almost 
on a quantitative basis, which would indicate that perphosphonate ion formed i11 alkaline 
solution is not reacting with hypochlorite ion and is still available to oxidize chloride 
ion upon acidification. I t  is thus evident that the reaction between perphosphonate ion 
and chloride ion to produce free chlorine and l~ypochlorous acid must occur in acid 
solution, probably according to equations 5 and 6. 

CH3 0 CIH? 0 
\ II 

CH-0-P-0- + Hz0 + + \ I I 
CHO-P-90- + 2H+ + 2~ 

/ I / 
[GI 

CH, 
I 

CH3 CHI CH, 

In acid solution the chlorine or hypocl~loro~~s  acid appearing in accordance with equation 
7 acts as an oxidizi~lg agent on leuco compound in solution. 

CI? + H2O + & Hf + CI- + HOCl [7 1 

The equilibrium a t  pH 1.8 is such that the mole fraction of chlorine is 0.7 and that of 
l~ypochlorous acid is 0.3 (3). The perphosphonate ion alone cannot oxidize the leuco 
compound because it decomposes too readily in acid solution (1). Probably as the solutio~l 
becomes more acid during mixing, the perphosphonate ion reacts with the large excess 
of chloride ion more rapidly than with the small amount of leuco compo~~ncl, which is 
appreciabl)~ soluble only below pH 2.2. The HOCl formed is not removed by excess per- 
oxide because in acid solution equation 8 applies to peroxide and the potential here is 
not adequate for reaction. 

H?Oz + 0, + 2H.'- + 2e En = -0.68 v. [S] 
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For the same reason the clye is not affected by acid peroxicle although in alkaline so lu t io~~  
it is osidatively destroyed by peroxide. 

The mechanism call then be suinmarized as follows. Perphosphonate is first produced 
(equation 1). Then, as the alkaline ancl acid solutions are inixed ancl the pH goes from 
10.5 to 1.6, reaction proceeds as in equation 9. 

At optimum chloricle ion concentration and pH the dye is produced (equation 10). 

dye +H,O 
+H+ 
+2C1- 

On the basis of the above mechanism an explanation of chloride ion dependence and 
failure of the reaction with tabun call be attempted. 

The increase in dye formatioil with ail increase of chloride concentration up to 5 X  10-I 
gram-ions/liter can be considered as indicative of an increase in hg~pochlorous acid 
coi~centration as the result of an increase in collision frequency bet\veen perphosphonate 
and chloride ions and a decrease in collisioil frequency between perphosphonate ions. 
Assuming a 100% yield of perphosphonate ion the ratio of chloride ion to perphosphonate 
ion with lop3 gram-ions/liter of chloride ion and 5 p.p.m. of sarin is approximately 1 
to 30 while with 1 gram-ion/liter it is approximately 1 to 30,000. The decrease in dye 
yield \vith chloride ion coilcentration gi-eater than 1 gram-ion/liter may be the result 
of a decrease in available hypochlorite. Fro111 equation 7 it is evident that an increase 
of chloride ion increases the proportioil of chlorine to hypochlorite in solution. As the 
experiments were conducted in an ope11 systeln with vigorous stirriilg, chlorine would 
escape and result ill a clecrease i n  available hg~pochlorous acid and generated dye. 

Cyanide ion was shown to prevent clye formatioil. I t  is possible that perphosphonate 
ion i n  alkaliile solutioi~ is reduced by the CN- ion. 

Therefore, the hydrolysis of tabun to give cyailicle ion esplains the negative results 
obtained with it in the Schoenetnann reaction \\rhen these iildicators are used. 
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STRESSES AND STRAINS IN ADSORBENT-ADSORBATE SYSTEMS. 11' 

ABSTRACT 

I t  has been shown previously that when adsorbates act as single component complexes, 
i.e. behave as single substances in colnplex force fields, volumetric mean adsorbate and mean 
adsorbent stress intensities can be calculated from adsorption isotherm data. When potentials 
of surface regions in the micropore system of a porous adsorbent are statistically independent of 
pore structure, linear mean stress intensities of the solid are related to volunletric means 
through an  equation containing a structure factor which is independent of the nature and 
pressure of the adsorbed gas. 

In this paper we present adsorption extension data for an  active carbon rod when exposed 
to helium, hydrogen, nitrogen, argon, krypton, and water a t  pressures up to lGOO p.s.i. The 
data suggest that the potentials of the capillary regions are not independent of structure. 
An empirical correlation factor is introduced and the resulting semiempirical equation de- 
scribes the data probably within the experimental error. 

The results suggest that in cases of moderately strong adsorption, adsorption potentials 
of thick-walled capillary regions are higher than those of thin-walled regions. 

INTRODUCTION 

Length changes of porous solid adsorbents resulting from adsorptioil of vapors have 
been studied by a number of investigators: Meehan (9), Bangham (2, 3), McBain (8), 
NIcIntosh (1, 7), Wiig (13), Yates (14), etc., the work of Bangham and co-worlters in 

1 Egypt and that of McIntosh and co-workers in this country being especially notable. 
I 
I 
I I t  has been customary to correlate these dimeilsioilal changes with the changes in 

the more or less fictious solid surface tensions or with the so-called "spreading pressul-es", 
the changes in surface tensions or spreading pressures being based on the Gibbs "adsorp- 

I 

tioil isotherm", i.e. on the Gibbs model interface. The Gibbs model interface is a very 
I coilveilient mathematical fiction for the treatment of cases where interfacial volumes 
I 

are small compared with the whole system under consideration. However, such two- 
{ dimensional model interfaces are entirely unsuitable for the treatment of systems where 

the interfacial volumes are relatively large and where the behavior of the system depends 
largely on the distribution of densities, stress intensities, viscosities, etc. of materials 
within the surface regions. Since we have been mainly concerned with flow rates of 
adsorbed materials we have found it convenient to describe the adsorbate as a volume 
of a single component subjected to a complex force field, i.e., as a single cornpoilent 
complex (5). 

When vapors are adsorbed by relatively rigid porous adsorbents and the adsorbates 
behave as single component complexes, volumetric mean stress intensities of adsorbates 
and adsorbents can be calculated from relevant adsorption isotherm data, provided 
that the relevant isotherms correspoild to paths of thermodynamic reversibility (5, 6). 

We have shown that these volumetric mean stress intensities are given by the 
followiilg equations: 

1 Manuscript received itday 24, 1956. 
Contribution from the Division of Pure Chenzistry, National Research Council, Ottawa. 
Issued as N.R.C. No. 4163. 
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FLOOD: ADSORBENT-ADSORBATE SYSTEMS. I1 49 

where 2 = volumetric mean stress intensity of adsorbate within the porous adsorbent, 
p, = volumetric mean density of adsorbate within adsorbent, 
P = pressure of adsorbate fluid outside of porous adsorbent, i.e., the equilibrium 

pressure, 
p = density of adsorbable fluid outside of adsorbent, i.e., the uniform density 

of the liquid or gas in equilibrium with adsorbate, 
@ = volumetric mean elastic or reversible stress intensity of the porous solid 

(pB = 0 when P = O), 
4 = void volume/solid volume = v,/vc 

(v,+vc = total volume of the porous body), 
a = &"/P = mean value of pu lp  averaged over the pressure interval 0 + P. 

Thus a is readily obtained from the adsorption isotherm. 

The above relations are based on the equation AT = v, Ap," where AT is the 
volumetric mean change in Gibbs free energy (or thermodynamic potential) resulting 
from isothermal changes in reversible or elastic states of stress which do not change the 
volume materially. For many purposes this is practically identical with assuming that  
AP is proportional to the change in "solid surface tension" or "spreading pressure". 

I t  is important to note, however, that porous active adsorbents are not ilormally 
I thermodynamically uniform bodies, and hence that 6 A F c  for the various solid elements 
I 
1 

of the assembly are not uniform throughout the body. Hence A% and AC ma,- be made 
1 up from widely differing elements; thus while AP and Ap," may be strongly negative 

for a given adsorption reaction, in some regions 6 A F c  may be positive. 
I 
I The changes in length of a11 assembly of solid elements of different sizes and shapes 
I 

I 
will be dependent not only on A@ but on the actual distribution of the stress intensities 
and their correlation with the structure and elastic properties of the elements of the 

I 

assembly. I t  is mathematically quite possible for AZ to be zero while the whole porous 
assembly either increases or decreases its dimensions. The general problem of correlating 
the net strains of a complex assembly with the changes in the internal force structure 
will be very involved indeed. Anything like a complete mathematical descriptioil would 
involve a very complex tensor or similar analysis and would require a microscopically 
detailed linowledge of the whole adsorption reaction (12). However, by reference to ideal 
systems the influence of the various phj  sical and statistical factors on adsorption extension 
behavior can be illustrated very simply. Thus consider a linear array of elements of an  
isotropic solid of lengths I ,  where each of the equal elementary lengths may be subjected 
to  particular stress intensity component cliailges, 6PC,, resolved along the I direction. 
We may write for the change in length of each element: 

and if A, ,  B,,  C, are coilstant we can write: 

where A ,  B', C' etc. are constants characteristic of the solid material and 6pcL.6p,2, etc. 
are linear average qua i~ t i t ies .~  

2If A,, B,, C, etc. and 6p,; are statistically independelzt, but not constant, Equation [S]  becontes 6 L / L  = 

k L  . 6%~; if not statistically independent, Ep t~a t ion  [S] beconces 6 L / L  = K .iTL . 6 z L  where K >< 1. If Ai and 
6p,, are both increasing functions of I ,  K > 1 .  
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Equation [3] may be written: 

6L/L = A .6p ,L+~" .~ ' (6p ,L)"+~ ' .  c ' ( K L ) \  . . 

where B", C" are dependent on the distribution of stress intensities and thus are not 
necessarily properties of the adsorbent alone. For solids which obe17 Hoolte's Law 
approximately, B', C' etc. are small compared with A .  Hence the approximate equation, 

- -- 

tiJ-1 6L/L = A (1 +B  6pcL) 6pcL 

where A and B are regarded as properties of the adsorbent only, shoulcl be reasonably 
valid for small changes in length of such assemblies. Since thermoclynamic considerations 
enable us to correlate volumetric meail stress intensities with adsorption data, the 
problem resolves itself into the correlatioil of the linear meail stress intensities with 
the corresponding volumetric means and hence with corresponding adsorptioil isotherms. 
This correlation should if a t  all possible lead to formulae containing ollly measurable 
variables and constants characteristic of the adsorbent and adsorbate, respectively. 
In systems where "the forces resulting from adsorption", "the solid areas" etc. may be 
regarded as statistical variables, we shall show that the linear mean stress intensity 
changes can be correlated with the adsorption data by means of an equation of the form 

where KL is the linear mean stress intensity change of the solid, I<, is a constant factor 
( 3  I) depencleilt oilly upon the structure and elastic properties of the solid, and I<, is 
a factor depeildent ~ ~ p o n  the nature and equilibrium pressure of the adsorbed fluid. 
When the effective surface force field is independent of the solid structure (i.e. of pore 
sizes, elastic properties etc.) K ,  will be unity. Again, where A= is a ui~iform change in 
hydrostatic pressure, K,, will be unity for the corresponding change in K L .  However, 
in general I<, \\.ill be pressure depeildeilt and  nay be greater or less than unity. 

Accordingly, i f  the underlying assumptions are valid the adsorption extensioil of porous 
aclsorbeilts should be given to a close approximatioil by 

We have sho\\7n previousl~~ (6) that Equation [ 5 ] ,  with I<, = 1 and B = 0,  cait be used 
to describe a number of experimental results fairly well. Further, that in the case of 
activated carbon, A correspoitds closely with the linear coinpressibility of graphite and 
that plausible model pore systems can be constructed which are consistent with the 
observed values of I<,, 6, and the n~echanical properties of the carboil generally." 

In what follows \ire present some simple illustl-ations of the statistical relatioils upon 
which Equation [ 5 ]  is based, together with some additioital experimental data. The new 
data indicate that I<, callnot be taken as unity, and hence, that in the general case we 
cannot regard the adsorptioil potential of tlze capillary or surface regions as statistically 
independent of the solid structure. 

3It ~ 1 1 1  be noted Illat when 6 L / L  is not nreast~red by t i p ,  i.e., wlzere K,.K, # 1 and F,'. # F,L, it  implies 
tJLat tlzere ts a disfortio?~ i n  the sense that wl~zle tlze assembly as a wl~ole ?nay r e t a ~ n  its shape, either particles 
of t l ~ e  assenzbly change their shape or their cha?age i n  volz~?rze per m i t  volz~?l~e zs dzfferent, i.e., s7nall part~clcs 

??Lore than large particles, or v ~ c c  versa, and t l ~ z ~ s  6v, # 6v,. 
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FLOOD: ADSORRISST-.\DSORR,\TF: SYSTEMS. I1 5 1 

?'I-IEORE'I'ICAL ILLUSTRATIONS 

Let a porous solicl of length L be divided into thin sections perpeiidicular to L and of 
thickness l i .  Let A ?  be the area of the it11 section, a f  the area of the fluid-filledholes, 
and ci the area of the solid. Thus A = ai+ci. Let Fi be the total external foi-ce acting 
normally on A i  and in equilibrium with the forces Fai and Fci exertecl by the fluid and 
solid respectively. Let P i  = F i / A  i ,  pni = Fni/ai ,  and pci = FCi/c i  be the corresponding 
mean stress intensities parallel to L.  Then, balancing forces, 

ancl summing over all sections, 

Supposing P and A constant (independent of I )  we have 

- - 
where + = vn/vc, v  = v,+vc, and pv and ," are volumetric average stress intensities of 
the fluid and solid respectively. Also v, = a L . L ,  where aL is the linear average area of 
the holes averaged along the length L. Similarly vc = c L . L  and A = aL+cL. If A is 
large compared with the average area of single holes in the ,it11 section, a ,  and c i  mill be 
virtually constant. Accordingly the area A is taken so as to be comparable with the 
average area of single holes in each section. TIILIS a i  and c i  may be regarded as functions 
of the stochastic variable l i .  

If the porous solid were immersed in a fluid of pressure P with which it did not interact 
a t  all, the stress intensity of the solid would be simply the hydrostatic pressure P .  But 
i f  surface forces are involved we can describe the action of these forces in terins of the 
adsorbate pressure and write pCi = P+ (P-p, ,)  .a i /c i  where pci is the change in the 
solid stress intensity component pal-allel to L due to immersion in the fluid of hydrostatic 
pressure P. Hence, 

If pa, and c ,  are constant, then 

If c ,  varies with I ,  while pn, is constant, we can write 

where K ,  is a numerical factor which is necessarily greater than unity and whose value 
depends only on the variation of the solid cross sectional area ci with li.  Thus K ,  is a 
constant descriptive of the solid structure but independent of the nature ancl equilibrium 
pressure of the fluid. 

Equation [GI inay be written LL = [cl-c?a]P, ~vhere only a is dependent 011 P and 
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upon the nature of the fluid. In this case the aclsorptio~~ extension would be given by an 
equation of the form4 

6L/L = A (GI- cza)P+AB (61 - c?a) P2. 

By comparison with observed values of 6L/L for various observed values of a and P 
with different gases (6L/L, a ,  and P are capable of \vide variation and are readily ineas- 
ured) the constants A ,  B ,  C1, and C2 could be found. I t  will be noted that  v, must be 
known in order to  obtain a from isotherm data .  If the value of v, used in calculating cr 
were too large it would introduce a constant factor which would appear in the value 
of c2. This would be the case where v, is based on "helium density" determinations of 
the active carbon, since even a t  room temperature helium is appreciably adsorbed (11). 
However, since the error in this case would be small, it would be possible to  evaluate the 
constants approximately, and then from helium extension behavior using the approxi- 
mate values of the other constants to  estimate the helium adsorption, correct v,, and 
redetermine the constants. 

However, this procedure depends upon the assumption that  cl and c2 are illdependent 
of the nature of the fluid, i.e. that  cl and c? are i i~clepe~~dent  of cr and of P. Thus  it depends 
on the assumption that  the adsorbate pressure is statistically independent of the solid 
s t r u c t ~ r e . ~  

For the more general case, Equation [GI can be written: 

where K, is dependent on the relation of p, ,  to  a ,  or to  c,. While K ,  is necessarily greater 
than unity, I<, may be greater or less than unity and may be negative as  well as  positive. 
Thus  I<, will be greater than unity where the adsorbate pressures or volumetric lnean 
potentials are larger in the regions where the fluid areas are larger and the solid areas, 
c,, smaller. Conversely, IC, will be less than unit)- when the adsorbate pressures are larger 
in the smaller holes with the thicl<er walls. In this latter case we sl~ould expect K, to 
vary \\-it11 the equilibrium pressure of the adsorbate, when the adsorbate is not an ideal 
gas. Thus when the mean potential of the volume of the smaller holes is greater than tha t  
of the larger holes, the density and hellce the pressure will increase wit11 increasing 
equilibrium pressure relatively more rapidly in the smaller holes. This will continue until 
the aclsorbate clcnsity in both the smaller and larger holes becomes high and the corn- 

~ J ~ T ~ l z e t ~  B -) 0 and a>> 1, tlris i s  c~qz~irnlent to staling thnt l11e elo?zgation i s  proporliotral to  the clzmzge in 
sprecrding pressure. 

5It , I ~ Z L S ~  be enrplzus~ized that when I<, d<fer s  f rom z ~ n i t y  Illis i s  not to be regarded as  arisi7rg pr i t t~ari ly  froin 
lnck of z~?c$orrraity of adsorbate pressures bzrt rallzer f rom n correlation between the lack of z~w$ort t~i ty  of ndsorbate 
presslcre and  the lack of ~~n$or? t r i l y  of slrrzctr~rc. Srlch a correlulio?~. has in~por tan t  physicc~l i n~p l i ca l ions .  I f  
crdsorbnle prcssl~rcs, no  n~a t t e r  hozo highly  roriable, n o  n~a t t e r  horu lacking i n  ~r~c$ortni ty ,  are s ta t~ i s t i c~~ l l y  inde-  
pendent of s l r ~ ~ c h ~ r e ,  K ,  wi l l  be ~ ~ ? ~ i t y .  

Tlrc i?2flrlencc of the vario~~.s  plzysical factors can  be illzl.slrated i , t ~  terttrs of c l~ange  i n  sol.id szrrfacc free energies. 
TIZZLS instead o fwr i l i ng  p,; = P + ( P - p ; , ; )  .ai/ci,  we  can  write p,; = P+-,iAi/ci, where 7; i s  the clza?ige i n  solid 
srlrfacc l e t ~ s i o n  prrpc?zdicular to  c;,  A; the lorgtlz of Ihc conrttzon perirtzetcr of solid and  :loid arcas elc. Tlris 
trecltnrenl i s  so?t~ewlzc~t tnore C O I ~ ~ I L ' X  tlza?z presented above sitzce w e  now have possible corrclatio~zs between the  
llzrcc qllantitics,  r;, A;, rind c;. I t  isj'ell Ihal the  plariiig of tlze etnphasis o ~ z  adsorbate stresse.~ rulzich cat1 be correlalcd 
directly w i th  adsorptioiz data is perhaps a inore direct approach th(r?z i s  involved i n  the cllnnge of sz~rface  tension 
trcatnzent. Furlher, it i s  felt t l ~ a l  i n  s z ~ r h f i r ~ c  gmined  porons bodies the field exerted by  tlze solid i s  no! confined 
to the solid s i~r face  b z ~ t  cxtcrzds appreciably i 7 1 / 0  the nticropore volunre. I t  will  be nolrd that zirhci~ K ,  i s  assz17ned 
z ~ n i l y  i n  the trcatiiLent above, i t  i s  egr~ivalenl lo asszrnzing tlzal the change i n  solid sz~rface  tcnsiotz i s  statistically 
i n d c p o ~ d e a t  of s lrz~ctz~re ,  i.e., of A and  c. 
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I FLOOD: ADSORBENT-ADSORBATE SYSTEMS. I1 53 

pressibility low. At this stage further increase i11 equilibrium pressure will increase the 
pressures more nearly equally in the larger and smaller pores. In this case K, will be 
i~litially considerably less than unity but will increase with increasing equilibrium pressure 
and eventually approach unity. In the case of pores of molecular dimensions, efficient 
close packing may be hindered so that the density in larger pores can exceed that in the 
very s~nal l  holes. In this case I<, might eventually exceed unity by small factors. I t  is 

I important to note that when the quantity adsorbed remains constant as the equilibrium 
pressure is changed, it implies that the adsorbate is everywhere virtually incompressible 
and of practically the same density. Under these conditions changes in equilibrium 
pressures are accompailiecl by a nearly uniform change in hydrostatic pressure of the 
adsorbate. I<, is necessarily unity for uiliform changes in adsorbate pressures. 

Thus fairly reliable estimates of I<, can be obtaiilecl from observed contractions on 
desorption from sa t~~ra t ion  with water, when the desorptioil isotherm branch is nearly 
horizontal over the region concerned. 

We have assumed that the elastic constants A ,  B etc. of the solid are the saine every- 
where regardless of variations in t11icl;ness of the Inaterial. If these constants are not 

I independent of structure, the eiiect of such correlations 011 the length changes will be to 
introduce a factor which is somewhat similar to I<,. Thus values of K ,  estimated from 

I 

adsorption-extension where K, can be taken as  unity will be a product of both of these 
factors. 

EXPERIRIIENTAL RESULTS 

Adsorptioil-extension data have beell obtained for an activated carbon rocl (liod 3) 
when subjected to hydrostatic pressures of helium, hydrogen, nitrogen, argon, and 
krypton. The data appear in Figs. 1 and 2. Since the aclsorptioil extension of Rod 3 i11 
nitrogen is almost the same as that  reported previously for Rod 1 (a similar rocl from the 
same batch) it ma17 be supposed that  the adsorption-extensions of Rods 1 and 3 with 
other gases will be essentially similar. Accordingly, the adsorption-extensio~~ of liod 1 
in water vapor and liquid water is plotted together with the new data. (Because of the 
pressure scale used the adsorption-estension in water vapor appears as a vertical rise. 
The remainder of the Hz0 curve shows the contractio~t as the liquid water pressure 
increases.) 

In Fig. 1 the solid lines, with the exceptioil of the H 2 0  extension, were calc~ilated 
from 

- - 
6L/L = - 0 . 8 ~  1 0 - ~ ( 1 - 2 / 3 . 1 0 - ~ . ~ ~ ~ ) f i ~  

- 
where PCL = [4.5-3.5aIP. Thus the product $.I<,-I<,, is assumed equal to 3.3 aitd 
independent of pressure and the ilat~ire of the gas. This formula l~ielcls an extension for 
1-120 a t  saturatioit \vhich is much too low. The calculated curve for HrO is that reported 
previously ant1 is based on 6L/L = - 1.1 X lop7 . E L  where KL = [3.8 -4.8aIP-) --1.8aP 
(a  is very large, =40,000). 

An examination of the data shows that Equation [GI  caililot be made to lit them. 
1 The data for 1;rypton especially indicate a I<, which is a11 increasing fuilctioil of P. 

\Vhile, in the case of these particular carbon rods, the water clesorption isotherms near 
saturatioil are not horizontal, the variation in adsorbate density is comparatively small, 

I 

I and accordingly the expansioil behavior of the rods near saturatioil sho~lld tori-espoild 
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FIG. 1. Elongation as a function of fluid 
pressure, 25°C. Solid lines (except H,O) 
calculated fro111 6L/L = -0.8 X 10-'(1-2/3 . 
lor6 .>cL)7jc1~, PCL = (4.5 -3.5a)P. Observed 
p o ~ ~ l t s ,  Rod 3: 0, 0,  Icrypto~i, adsorption, 
desorption); X ,  argon; 0 ,  nitrogeil; A, hydro- 
gen; @, heliulu ; Rod 1 : V , H2O. 

FIG. 2. Elongation as a function of fluid 
pressure, 25" C. Solid lines calculated from 
!L /L = - 0.88 x 10-~(1-  1 /2.10-5. . ijCL) jar,, 
peL = [l+5Kp-5K,n]P. Ol~served points, Rod 
3:  0, 0,  lcrypton (adsorptio~i, desorption) ; 
X,  argon; 0 ,  nitrogen; A, hydrogen; @, 
helium; Rod 1: V ,  1320. 

fairly closely to Equation [6] with I<,, = I and thus afforcl a measure of I<,. I t  was found 
that both the water and helium adsorption-extension could be fitted verj. closely by 
means of the equation 

- 
where P C L  = [6-5a]P. This is equivalent to putting I<, = 1 and + . I < ,  = 5 .  

As we have shown, selective adsorption yields a I(, factor greater or less than unity 
according as the adsorption is relatively greater in the larger or smaller pores. For non- 
condensable gases, the former case leads to a I<, which is a decreasing function of P, 
the latter to an increasing function of P.  

In carbons with mean pore diameters co~lsiderably greater than the diameters of the 
adsorbate molecules, one might expect selective adsorption of large gas molecules in 
the smaller pores. In  such cases the adsorption sho~~lcl be fairly large, i.e., a should be 
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fairly large. If a is very large the fluid in both large and small pores should reach high 
densities a t  relatively low equilibrium pr'essures and thus K ,  tend toward unity a t  
relatively low equilibrium pressures. Evidently the value of a itself should afford some 
measure of these selective trends. Accordingly, me put I<, = 1 - ~ a f  and found suitable 
values for D b37 trial. Wllile this formula has no theoretical basis and cannot be correct 
for large values of a ,  all of the dataG can be described practically within the experimental 
error by its use. The solid lines in Fig. 2 are plottecl from 

- -  - 
6L/L = - 0 . 8 8 ~ 1 0 - 7 ( 1 - 1 / 2 .  10-".pcL)pcL 

and zL = [l++.I(,.I(,-+.I<,.K,.a]P 

where + = 1.304; I<, = 3.834; I<, = 1 - ~ a ; ;  and D = 0 for H 2 0  and helium, 0.116 for 
lirypton, 0.168 for A and N2, and 0.172 for H2. 

I t  may be pointed out that both the compressibility and the variation of coinpressibility 
with pressure in the formula correspond quite closely to those of graphite under a pressure 
of about l o 4  Ib. per sq. in. ( 4 ) .  Further, that the departure of I<, from unity is greatest 
in the case of krypton as inigllt be expected. all of the data are described practically 
quantitatively using only one arbitrary constant whose values vary in a pllysically 
plausible manner. I t  will be noted that the length changes vary from -5 ( -20 for the 
liquid water from saturation to 2000 Ib./in.) to +360 with a probable error of measure- 
ment of less than ~ 2 ,  while the variations in values of P and a in the equation cover 
ranges from 0 to 2000 Ib./in. and 0 to 40,000 respectively. 

APPENDIX I-EXPEIZIMENTAL DETAILS 
1. illaterials 

Activated Carbon Rods 
Except where noted, all experiments were carried out \\lit11 carbon roc1 No. 3. This 

carboil rod is essentially similar to Rocl 1 whose properties have been reported previously 
( 6 ) .  Like Rod 1 it was selectecl from a batch ol long, straight zinc chloride activated rods 
especially prepared for us by courtesy of the National Carbon Company. 

Rod 3 is 109.7 nun. in length and has a meail cliameter of 1.79 mm. Thus the geometric 
or total volun~e is 0.276 cc. The carbon volume as rneasurecl by helium clisplacement and 
corrected for helium adsorption is 0.434 cc. per cc. and the void volume 0.566 cc. per cc. 
iSssuming the Inercury density to be the same as Rod 1, this yields a carbon density of 
1.75. (If not corrected for helium adsorptioi~, the helium density is 1.95.) 

In selecting Rod 3 from the batch some care mas talien to obtain a roc1 giving a siinilar 
nitrogen extension to Rocl 1 and for which ecli1ilib1-ium was rapicll), attainecl on either 
increase or decrease of the equilibrium pressure. In the case ol one rod, it \!?as noticed 
that even 1 or 2 hours after expansioil from higher pressures there was a sinall slow 
evolution of gas. When this rod was heatecl for 6 to 8 hours a t  GOO0 C. the equilibriu~n 
was obtained quite rapidly. Rod 3 was heated during 4 to 5 hours a t  500' C. alternately 
in a high vacuum ancl in a pure dry helium stream. On cooling to room temperature in 
helium it was exposed to satui-ated water vapor and finally to air. Helium extension 
lneasurements were made both before and after exposure to hydrogen and ki-ypton. 
A few nitrogen-extensioi and aclsorptioil points were talien a t  the e ~ l d  of the experiments. 
These points fell on the curves obtained a t  the beginning oi the series. Accordingly, it 

6Excepling waler vapor al low relalive prcssz~res (cf  Appendix  I I ) .  
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seeins un1il;ely that changes in s~irface coillplexes or chemisorbed material can have 
influenced our rcsults appreciably. 

Gases 
The helium, hydrogen, nitrogen, argon, and krypton were supplied by the Dominiol~ 

Oxygei~ Compan\., and were specifiecl as not less than 99.9970 pure. The krypton was 
spectroscopically pure. Except in the case of ltrypton the gases were passed through 
a bed of activatecl charcoal suitably cooled (liquid nitrogen in the case of He and Hz,  
solicl C 0 2  in the case of Nz  and A). The krypton was used as supplied. 

2. Expe~imental Procedures and Metlzods 

The procedures used throughout were essentially similar to those reported previously 
(6). The mail1 modifications were as follo~irs: The whole apparatus was enclosed in a 
thermostatic air bath, the temperature of which was kept constant a t  24.8' C. within 
f0 .1 '  C. The room containing the apparatus was also thermostatically co~ltrolled and 
maintained a t  27' C. to usually within f 2' C. 

Pressures in the range 14 to 500 11.s.i. were measured by meails of a piston gauge. 
Higher pressures were measured by means of a Bourdon-type gauge calibrated by the 
Metrology Section of the National Research Council. Pressures from 1 atm. to 1 cm. 
FIg were measured by means of a mercury manometer constructed of precision bore 
20 mm. glass tubing together with a reasonably high grade cathetometer. NIercury 
pressure readings were corrected for temperature, the value of g etc. Manometric pressure 
readings of the order of ?j atm. were reproducible within considerably better than O.O1~o. 
With the piston gauge, differeilces of the order of one part in 10' could be readily detected 
(the accuracy of the piston gauge was lirnited by the accuracy of cletermining the baro- 
metric pressure, oil "head" of leads e t ~ . ) . ~  These pressures are considered to be correct 
within f 0 . 2 %  or better. The Bourclon gauge dial readings are coilsiclered correct within 
about f 3  a scale division, i.e., within f 5 p.s.i. or f lyo iin the neighborhood of 300 p.s.i., 
and within f 0.3Y0 a t  1500 p.s.i. Thus in the range of pressure GOO-1200 p.s.i. the data are 
considered to be somewhat lcss reliable than in either the higher or lower (piston gauge) 
range. 1,ength changes were measured essentially as describecl previously. In place of the 
travelliilg microscope used previously, two rigidly fixed parallel microscopes with microm- 
eter eyepieces were used. The scale was 10 times larger than that used previously and 
reproducibility of individual length change measureme~lts was usually within f 2 X lo-' 
mm. The larger values of 6L/L reported are considered to be correct within f lye, the 
maximum helium coiitractioil mithin 1t307~.  

Measuremeilts of p , / p  a t  various pressures were based upon the following equation: 

where v is the volume of a co~ltailler and v, is the apparent volume of the container. 
v, is the carbon volume, v, the void volume, ancl a = p a l p  = the mean density of gas 
within v, divided by p ,  the density of the gas in the tube. Two different procedures were 
used. At low pressures (5-lo-' mm.) gas from a secoild l<nown volume (about equal to 
v,) was expanded into an evacuated charcoal filled container, the empty volume of which 
was only a little larger than v,+v,. This procedure is not capable of great accuracy 

?There i s  also a n  appreciable correctiotz due to the dzyerent "capillary depressions" of the mercziry i n  the 
U-tube in contact with oil otz one side and gas on the other. 
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FLOOD: .?DSOIIBISNT-ADSORB.lTE SYSTEMS. 11 5'7 

because of the difficulty of measuring low gas pressures of the small volumes (0.5-10.0 
cc.). However, when a is appreciablj. greater than unity, approximate limiting values of 
n can be ob ta ine~ l .~  At high pressures, gas was expanded out froin the high pressure 
capillarj. of volume v, into a large volume (about 10Xv,) whei-e the pressure could be 
accuratelj. measured. I f  vo represents the volume after expailsion (corrected for the 
change in a ,  i.e., if v L  = the large volume, vo = vL+v--v,+v,(a'- I ) ,  where a' is the value 
of a a t  the low pressure after expailsioil). I f  (povo)' is the pv value after expansion from 
the tube containing the charcoal a t  the high pressure Pl and (povo) is the pv value after 
expansion from the empty tube a t  PI, then a is given by: 

Thus b). plottiilg (pov,))'/P and (povo)/P against P we can obtain a or p a l p  without 
having to correct for deviations from the gas laws except a t  the low pressures pcI, where 
the corrections are small and well liiio~vii. v, was first determilled by helium clis~~lacei~lei~t 
a t  higher pressures. Fig. 3 shows the apparent volumes of the high pressure capillary 
and leads as obtained from heliuin expansion data with and without the carbon 
The volumes are calculated  sing Schneider's virial coefficient for helium (10). Assuming 
no adsorption a t  1700 Ib. v, was talien as 0.105 and v, = 0.276-0.105 = 0.171. The11 
n or p,/p was plotted as a functiol~ of P and Sgp,/p,dP = LYP calculated for all of the 
gases. 

Since Halsey (11) has  show^^ that the energy of interaction of helium and activated 
carboil is quite considerable it is to be expected that heliuin adsorption a t  1700 p.s.i. 
a t  1-00111 temperature would be appreciable. That  the helium is adsorbed is suggested by 
the decreasing values of v,. Helium adsorption is also indicated by the low compressibility 
of the carbon i l l  helium (Figs. 1 and 2). 

In order to estimate helium adsorp t io~~,  we have assumed that the ratio of the surface 
potentials for lirypt011 and helium for our carbon rod is similar to that  reported bl- 
Steele and Halsey (11). Talting 4000 cal. as the mean potential per mole for lir~pt011 
together with Van der Waal's constants for lirypton, we have calculated, using ( a )  a 
Leonard-Jones G-12 potential and (b)  a square potential, the surface area and mean 
distance between surfaces that are necessarj to be consistent with the Iinown mici-opore 
volume and lil-yptoll adsorption data  for our carbon ~ising both a platelet and cubic 
model pore system. Surface areas of the order of 500 sq. in./g. with distance apart 10 A 
for the platelet model and about 700 sq. m . /g  and 20 A side length for the cubic model 
are thus obtained. For the same models and a surface potential for helium of 700 cal. 
per mole of gas adsorbed the calculated value of p,/p for helium a t  1700 p s i .  varies from 
about 1.09 to 1.15 depending on the model and form of potential function. Accordingly, 
the value of p,/p for helium a t  1700 p.s.i. was taken as 1.1 and all the values of p a l p  for 
the other gases multiplied by 1.1. 111 Figs. 4 and 5 values of pa lp  (after multiplying by 
1.1) are plotted as functions of P .  

8Ingenera1, tlze rise i n  "a" fronl eqziilibriunz presszire of 1 nlnz. to nzm. isconzparativelysnzall. Accordingly 
the Jzira type error i n  the areas S c v  d P  or Sf pulp .dP are not significant z~nless "a" rises to quite z~nreasonable 
valzies at presszires below 1 1 1 ) ) ~ .  

STlze discontinziity between 600 and 800 p.s.i. is cotzsidered to be dzie to discrepancy i n  gauge calibrations. 
Tlle Bozirdon gazige is considered to give pressure readitzgs which are too low at the lower end of the scale. T h e  
graph indicates some distortion of v  which was allozued for it2 calczilatlon of a. 
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FIG. 3. r\pparent volu~lle of capillary as a function of helium pressure, 25" C. 0, empty volu~nes;  
0 ,  with carbon Rod 3 present. 

FIG. 4. Ratios of densities of gas within carbon voicl olume to corrcspo~~ding e ~ ~ ~ ~ i l i h r i u m  gas clcnsities. 
0, hcli~lm; A, hydrogen; 0,  nitrogen; X, argon; +, Ixypton. 

APPENDIX I1 

While mathematically I<, can be either much greater th:un unity or I I I U C ~  less than 
unity, even negative, physical consideratioils suggest that a t  higher fluid adsorbate 
densities I<" should approach unity, both because, in general, reactioils of fluids with 
highly localized fields tend tolvarcl lllore uniform residual fields as well as because of the 
relative incompressibilities of adsorbates approaching l i q ~ ~ i d  densities. 

As reported previously, a t  low relative pressures of I-120 vapor, these rods show con- 
tractions in length and radius as the equilibrium pressure increases fro111 zero. Along 
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FLOOD: ADSORBENT-ADSORBATE SYSTEMS. I1 

FIG.  5. p./p, a ,  ant1 5,' as f ~ ~ ~ i c t i o n s  of Icrypton equilibri~~m pressure, 25' C. Left-hand ordinate, p, /p  

and I / P S ;  p,,/p:dP or a. Right-hand ordinate, p.s.i. X103. -:.\bscissa, c q ~ ~ i l i b r i ~ ~ m  pressure p.s.i. X102. 
Solid line, cur1.c dra\vn illrough obser\wl ~ a l u e s  of p:Jp. Dotted line, l / P  X area under solid line, i.e. 
a or 1 / P  Sc . dP .  Broken line, volumetric mean pressure of adsorbed krypton. 

these paths A% must be positive if  no thennodynamically irreversible processes occur. 
(The contractions we are refei-ring to here must not be confused with those very inarked 
contractions observecl on H20  clesoi-ption bj7 McIntosh and others which are due to 
hysteresis effects. Negative values of AR are to be expected on deci-easing equilibi-ium 
pressure paths in cases of mai-Iced hysteresis.) While it might appear a t  first sight that 
A&" cannot be negative ~vhile 4EL is strongly positive, it is apparent that i f  the sum 
C ( P  -Pat) ,ni/ci. l t  includes both positive and negative values of P -pa,, when positive 
P-PZl i  is associated \\it11 very sinall ci, tlie positive values inay be so much inore strongly 
weighted that tlie sum is positive \\rhilc the corresponding sunz C(P-fi:,t) is 
negative. l o  

.At highel- I-elativc pressul-es and higher adsorbate densities, we might expect the elastic 
behavior of tlie assembly to clepentl largel). on its gross nlechanical structure, i.e., oil its 
pore sizes ancl shapes as measurecl bj. I<,, IC,, being nearlj- unit),. 

Al tho~~gh by illverse coupling :r mechanical system can be constructed I\-hich \\iill 
decrease in over-all dimensions \\Illen each inclividual membe~- ol the sj.stem increases 
its length, such mi arrangement seems quite iinpossible i i i  the case oi a more or less 
rantlom assemblj. of interconl~ected solid particles. Accoi-dingly i f  contractions occur 
along tl~ermoclynan~ically revel-sil~lc paths of inci-easinx eecl~iilil.)~-ium pi-essure, the). 
r n ~ ~ s t  be associated ~vitli ~~os i t ive  6i117, in some I-egions of the solid. 

At low surface coverages the elastic behaviol- of such assemblies shoulcl depend rela- 
tiveljr 1noi-e on the detailed structure of the surface fielcls and 1-elatively less on the 
over-all mechailical or poi-e structure. In the case of surface fielcls \\rhose equipote~ntial 
contours have sharp maxima rund nzinirna, \\There the maxima are separatecl b). c1ist;uices 
of molecular dimensioiis, adsoi-ption ma). reduce the field energy i l l  tlie region of the 
maxima ~vhile inci-easing the energy in the region of the minima. This could result fro111 
such "co-operative eriects" as attractive forces of adsorbate molecules or i l l  the case of 
rod-like molecules, fl-orn "bridging" effects, where the distances bet\\-een sites (maxima) 
are somenrhat greater than the bond distances between the atoms 01- groups held 11). the 

l0Szrcl~ col~siderc~liolas callnot Iecrd to lnrge posillt~e oallles of As: for snanll cox.stntat P .  l~f71~c?z P is ,lot corastntrl 
fro111 scclion lo seclio?~ A ~ o L  can be lorge n l ~ d  posi lhe  for sllzall P L  while Azv i s  laegcllhn. 
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sites. In  either of these two cases, i f  the supporting solid is relatively weak in the regions 
of the minima, the resulting contractions in these regions can easily outweigh the expan- 
sions oi the regions of the maxima and K ,  become negative. These two mechanisms can 
be partially distinguished. A t  coverages approaching zero the attractive co-operative 
effects must vanish, and hence I<, must be positive a t  ver17 low pressures and become 
negative as the co-operative effects come into play. On the other hand, bridging effects 
clo not necessarily vanish as the adsorbate density approaches zero. Thus  where K,  is 
negative from zero equilibrium pressures it may be talten as evidence of bridging effects. 
As we have seen, in both cases I<, should become positive a t  higher adsorbate densities. 

While in a previous paper it was suggested that  the initial contraction observed with 
HaO vapor ma17 have been due to irreversible condensation phenomena, this contraction 
may well have been due to one of the above mechanisms. I t  seems improbable tha t  the  
small contractions observed by McIntosh (7) with butane, ethyl chloride, and dimethyl 
ether a t  low relative pressures can all have been due to irreversible condensations. 

The  author is indebted to Dr.  J. A. Morrison for valuable suggestions and criticisms 
of a draft  form of this paper. 

T h e  author is also indebted to Dr.  R. D. Heyding and to Dr. P. H. Stirling for their 
help in constructing the apparatus. 
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SYNTHESIS OF 3,5-DI-0-METHYL-D-GLUCOSE' 

~,~-T)~-O-III~~II~~-D-~ILICO~~ has bee11 synthesizccl by methylation of 1,2-O-%soprop)~lide11e- 
G-0-trit~rl-D-gll~cof~~ranosc ancl removal of the blocking groups by  acid hyclrolysis. The 
cli-0-methyl glucose furnished a crystalline osazone without loss of a mcthosyl group and  
yiclclecl a ~llonobasic ancl dibasic acicl whcn osiclizccl by  bromi~ic  and  nitric acicl respcctivcly. 
Both acids formcd garnllla lacto~ics ant1 crystalline amiclcs by  which the  parent  compouncl is 
characterized. 'Thc foregoing reactions proved t he  structure of 3,5-di-0-mcthyl-D-glucose 
predicted by its methocl of synthesis. 

In a review of the methyl ethers of glucose published in 1950, Bourne and Peat (1) 
reported that 3,5-di-0-methyl-D-glucose was the only dimethyl ether of the cyclic forms 
of D-glucose that had not been prepared. The present publication clescribes a short 
synthesis of 3,5-di-0-methyl-D-glucose and proof of its structure. 

While the work reported here was in progress, Huffman et al. (3) reported a synthesis 
of 3,s-di-0-methyl-D-glucose using the same blocking groups but a slightly different 
sequence of reactions. These authors characterized the 3,5-di-0-methyl-~-glucose as 
the crystalline 3,5-di-O-methyl-~-gluc01iamide and the structure of the parent sugar was 
proved by oxidation with periodate to yield the known 2,4-di-0-methyl-D-arabinose. 
In the present report the sequence of reactions in the synthesis furnished a new compound 
of D-glucose, 1 ,~-0- i sopropyl ide1~e-6-~- t r i t f l -~-g lucof raose  and 3,5-di-o-methyl-~- 
glucose was further characterized as the new crystalline diamide of 3,s-di-0-methyl-D- 
glucaric acid. The  physical constants previously reported (3) for the sirupy 3,s-di-0- 
methyl-D-glucose and the crystalline 3,s-di-0-methyl-D-gluconamide were confirmed in 
the present work and an independent proof of structure of the 3,s-di-0-methyl-D-glucose 
was obtained. The work reported here is therefore co~nplementary to that of Huffman 
et nl. (3) and parallels it only in the preparation of 3,s-di-0-methyl-D-gluconamicle. 

The synthesis was achieved by the following series of reactions: ~-glucose-+l,2;5,6-di- 
0-isopropylidene-D-glucofuranose -+ 1,2-0-isopropylidene-D-glucofuranose -+ 1,2-0-iso- 
propylidene-6-0-trityl-D-glucofuranose + 1,2-0-isopropyliclene-3,s-cli-0-methyl-G-0-tri- 
tyl-D-glucose + 3,s-di-0-methyl-D-glucose. The structure of the 3,5-di-0-methyl-D-glucose 
was proved by the following facts: the compound formed an osazone without loss of a 
methoxyl group shon~i~ig that a free hydroxyl group was present a t  Cz. Oxidation of the 
di-0-methyl glucose with bromine afforded a gamma lactone, recognized by its slow rate 
of hydrolysis, which proved that a free lipdroxyl group was located a t  Cl. Nitric acid 
oxidation of the di-0-methyl glucose yielded a glucaric acid without loss of any methoxyl 
group, thus showing that hydroxyl groups were located a t  C1 and a t  CG. I t  was clear, 
therefore, from the above evidence that the two methyl groups in the di-0-methyl glucose 
occupied positions 3 and 5, a result to be expected from the mode of synthesis. 

lA%nz~scripr ? ' E C E ~ Z J C ~  October 4 ,  1956. 
Contribvtio?~ Jroin the Divis io~t  oJ Applied Bzology, National Research Cozrncil, Ottawa, C a ~ a d a .  Presented 

i n  Part before the Orgunic Chenlistry Section at the 38th i l n ? ~ u a l  Conference of Ilze Cl~emical Institute oJ Canada, 
Qzrebec, Qz~e., A f ( ~ y  SO - J11ne 1, 195'5. 
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EXPERIMENTAL 

Paper strip chroinatograms were run in butailol: ethanol: water-5: 1: 4,  and sugars 
were located on the paper by aniline oxalate spray reagent (2). Evaporations were carried 
out a t  40' C. or  less and all melting points are corrected. Specific rotations are equi- 
librium values unless otherwise stated. 

1 , 2 - 0 - I s o p r o p y ~ ~ d e n e - 6 - O - t ~ t y ~ - ~ - g r ! ~ ~ o f ~ a n o s e  ( I )  

T o  1,2-0-isopropylidene-b-glucofuranose (m.p. 158-159.5" C., [a]? = - 12', 12.8 g.) 
in dry pyridine (120 ml.) was added triphenylchloromethane (15.GG g.) and the solution 
was allowed to stand a t  room temperature for 24 hours. Water was then added until a 
permanent turbidity formed and after 2 hours the mixture was poured into a large excess 
(1 liter) of ice water. The  product separated as  a white gum which was washed three times 
with water by decantation and was then dissolved in chloroform. T o  remove pyridii~e the 
chloroform solution was washed with cold 3y0 aqueous acetic acid till the washings were 
acid (test paper) and then with water till the washings were neutral. The  washed chloro- 
form solutioil was dried over anhydrous sodium sulphate and then evaporated to yield 
I ,2-O-isopropylidene-G-O-trityl-~-glucof~ira1ose (I)  a s  a pufly, aerated glass (25.4 g., 98%) 
having [a];  = - 2 1 ° f  1' (c = 2.6% i l l  methanol), = -3Of2' (c = 2.1y0 in chloroform). 
Analysis: Calc. for C ? ~ H : , O O ~ :  C ,  72.770; H, G.c?4yo; trityl, 52.6y0. Found: C ,  72.5G%; 
H,  G.27YO; trityl, 52.4%. 

1,2-0-Isopropyr!idene-3,5-~Ei-0-~nnefhyl-6-0-trity~-~-gI~.~~of~rnnose (11) 

(a) Compouncl I (25 g.) was refluxed in methyl iodide (250 inl.) and silver oxide (23 g.) 
was adcled in eight equal portions a t  half-hour intervals (G). The  mixture was refluxed 
overnight and filtered, and the silver salts were washed with chlorofoi-in. T h e  partially 
rnethylated product was recovei-ecl by evapol-ation of the combinecl filtrate and \vashings. 
A total of four such inethylatioi~s yielded a product (22 g.) having a constant inet11os)il 
content of 10yo as  compai-ed to the theoretical value of 12.G5y0 for 11. 

(b) In a separate expel-iment a portion (200 111g.) of the product inethylated by 
Purclie's reagents was hydrolyzed as  clescribed below for the preparation of 111. Exam- 
ination of the hyclrol-)rzate by paper strip chromatogi-aphy showed tha t  it contained a 
di-0-methyl and a mono-0-methyl ether of glucose. T h e  mono-0-methyl derivative 
cr~-stallized from a methanol solution of the mixture ancl its physical constants, 111.p. 162- 
163.5' C. and [a];; = +(j0°12' (c = 2% in water), urei-e in good agreement with those 
reported (-1) for 3-O-i1letbyl-~-gl~icose. KO othei- mono-0-nlcthyl isoiner could be de- 
tected and the di-0-mcth5.l-D-glucose \\;as ~ l~ ron~a tog ra~~ l~ i ca l l - ) ;  identical \vith 3,5-di-0- 
methg71-D-glucose. I t  was therefore appai-ent that  the h>.cli-oxyl group a t  C5 uTas resistant 
to methylation, an observatioi~ also inade by Huffman et nl. (3). 

.. T o  a solution of the partially illethylated pi-oduct (21.8 g.) in tetrahydrofuran (170 ml.), 
sodium hydroxide pellets (23 g.) were aclded. The  mixture \\!as stirred vigorously during 
the drop\vise addition of climethyl sulphate (50 ml.). Stirring was continued for a further 
20 hours after \vhicl~ sufficient water was aclded to dissolve all solicls and the solution was 
warmed a t  55' C. for 13 hours. Tetrahydrofuran was evaporated and the residual aqueous 
mixture was estracted five tiines with one-half its volume of fi-esh portions of chlokolorm. 
T h e  chloroform extract was clried over anhydi-ous sodiuin sulphate and evaporated to 
yield 21.0 g. ('7870) of l,~-O-isopropylidene-~i-O-n~ethyl-G-O-trit~~l-~-gl~~cof~~raiiose. 
Samples for analyses were dried to constant ~veight a t  60' C. and 0.02 mm. over mag- 
nesium perchlorate. T h e  product, thus dried, showed no hydroxyl absorptioil band a t  
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3400-3500 cm.-I in its infrared spectrum and had [a]: = -30°&2' (c = 1.4y0 in ethanol). 
Analysis: Calc. for C30H3406: C, 73.4%; H ,  6.98%; OCH3, 12.65%; trityl, 49.6%. Found: 
C, 71.79%; H,  6.66%; OCH3, 12.5%; trityl, 49.1%. 

3,5-Di-0-methyl-D-glucose (111) 
Compound I1 (21 g.) was dissolved in ethanol (140 ml.) and 12% aqueous hydrochloric 

acid was added until a slight permanent turbidity developed (60 ml.). This solution was 
then refluxed on a boiling water bath for 5 hours. Ethanol was removed by evaporation 
and the triphenylcarbinol which precipitated was filtered and washed thoroughly with 
hot water. The clear aqueous solutioil was neutralized by Amberlite IR-4B resin and 
evaporated to yield a golden yellow sirup, 7.2 g., 77y0 yield or 59y0 based on 1,2-0-iso- 
propylidene-D-glucofuranose. Examination of this product by paper chromatography 
showed that it contained traces of a mono-0-methyl-D-glucose. A portion (5.5 g.) of the 
sirup was therefore chl-omatographed on Celite (5), this procedure yielding chromato- 
graphically pure 3,5-di-0-methyl-~-glucose (111) as a straw colored sirup. A sample was 
distilled for analysis, b.p. (bath temperature) 165-170' C. a t  0.04 mm., and showed 
[a]: = - 2 0 ° ~ 2 '  (c = 1.1% iin water). 
Analysis: Calc. for CsHlGOG: C, 46.15y0; H,  7.75%; OCH3, 29.8%. Found: C, 46.96%; 
H,  7.99y0; OCHa, 29.9%. 

Osazone Formation 
When the 3,5-di-0-methyl-D-glucose (63 rng.) was heated with phenyl hydrazine 

hydrochloride (400 mg.) and sodium acetate (400 mg.) in water (3 ml.) in a boiling water 
bath for 2 hours, the corresponding osazone was obtained, m.p. 64-65' decornp., [a]: = 
-83" in ethanol (c = l.5y0), after recrystallization from aqueous ethanol. 
Analysis: Calc. for C?OH2G04N4: C, 62.16y0; H,  6.78%; N, 14.50y0; OCH3, 16.06%. 
Found: C, 62.15y0; H,  6.55%; N,  13.90%; OCH3, 16.070. 
The 3,5-di-0-methyl-D-glucose phenylosazone was extremely unstable, the carbon content 
decreasing to values of 61.07%, 60.9670 after the sample had been exposed to air for 
successive 2 hour periods. 

A solution of 3,5-di-0-methyl-~-glucose (100 mg.) in water (2 ml.) was oxidized by 
bromine (0.3 ml.) in the presence of barium carbonate (30 mg.). The oxidation was 
allowed to proceed in the dark a t  room temperature for 24 hours. The mixture was 
acidified with N hydrochloric acid and bromine was removed by aeration. The clear, 
colorless, aqueous solution was then extracted continuously with chloroform for 36 hours. 
Evaporatio~l of the chloroform extract yielded sirupy 3,.5-di-0-methyl-D-gluconic acid 
which was heated a t  95' C. and 0.02 mm. for 2 hours to yield 3,~-di-O-methyl-~-glucono- 
y-lactone (51 mg.). 
Analysis: Calc. for CsH1.106: OCH3, 30.170. Found: OCH3, 29.270. [a12 = +14' -+ +Go 
in four days (c = 1%). 

3,5-Di-0-metlzyl-D-gluconamide 

3,s-Di-0-methyl-D-gluconic acid was converted to its methyl ester by refluxing with 
2y0 methanolic hydrogen chloride for 18 hours. Reaction of the ester with methanolic 
ammonia a t  5' C. and evaporation of the solvent yielded 3,s-di-0-methyl-D-gluconamide, 
m.p. 148-150' C., [ a ] c  = +23'& 2' (c = 1.570 in methanol); reported (3) m.p. 150- 
152' C., [a]: = +29' (c = 0.7% in methanol). 
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A sample (53 mg.) of 3,5-di-0-methyl-D-glucose was heated for 1 hour in nitric acid 
(sp. gr. 1.2, 2.5 ml.) on a boiling water bath. The solution was then evaporated under 
diminished pressure a t  35" C. and nitric acid was removed from the residue by repeated 
addition and evaporation of water. The residual yellow sirup was then dried to constant 
weight (46 mg.) over solid potassium hydroxide a t  0.02 mm. This product gave the correct 
ailalysis for a monolactoile of a di-0-methyl glucosaccharic acid and showed the slow 
hydrolysis in water, measured by change in rotation, characteristic of furanolactones; 
[a]? = +5" 3 -3" in four days (c = 2.2y0 in water). 
Analysis: Calc. for CsH1207 (monolactone) : OCHp, 28.2y0. Calc. for CBHloOG (dilactone): 
OCH3, 30.85%. Found: OCH3, 28.5%. 

3,5-Di-0-methyl-D-glucosaccharodiarnide 

3,5-Di-O-methyl-~-glucosaccharo-l,4-lacto1~e (150 mg.) was shaken with an excess of 
ethereal diazomethane until gas evolution ceased. The ether and excess diazomethane 
were removed by evaporation under diminished pressure a t  30" C. and the residue was 
talien up in methanolic ammonia (6 ml.). After being stored a t  5" C. for 2 days the solu- 
tion was evaporated slowly in a partially evacuated desiccator to yield crystalline 3,s-di- 
0-methyl-D-glucosaccharodiamide (100 mg.), which was recrystallized from ethanol to a 
constant m.p. of 164-165" C.; [a]: = + 1 9 f  2" (c = 1.7y0 in methanol). This compound 
gave a positive Weerman test (7) for a-hydroxy amides. 
Analysis: Calc. for C ~ H I G O F N ~ :  C, 40.6770; H ,  6.83y0; N, 11.86%; OCH3, 26.3%. Found: 
C, 39.92%; H ,  6.5770; N, 11.38%; OCH3, 25.6%. 

The author would like to thank F.  Rollin for carrying out the infrared ailalyses re- 
ported here. 
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